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ABSTRACTS
Oxygen isotopic compositions of compound chondrules in CV3 chondrite Allende and Axtell. 
T.  Akaki' and T. Nakamura', 'Dept. of Earth Planet. Sci., Fac. of Sci., Kyushu Univ., Hakozaki, Fukuoka 
8581, Japan.
Introduction 
   The mineralogical and isotopic properties of 
compound chondrules constrain the physicochemical 
conditions of chondrule formation events. The 
constraint cannot be obtained from the study of 
single chondrules. Therefore, we continue to study 
compound chondrules based on the major element 
bulk composition and oxygen isotopic composition. 
   Each compound chondrule was classified into 
three groups: adhering, consorting, and enveloping 
types according to the criteria given in  [1]. The 
adhering and consorting types consists of two 
chondrules fused together, whereas the enveloping 
type has a core chondrule within a host chondrule. 
We have reported, from the electron microprobe 
analysis of the 6 enveloping types, that the host 
chondrules tend to have higher  Fe0 and lower  A1203 
and  Ca0 contents than the core chondrules [2]. The 
results are consistent with the enveloping-type 
formation model  [1], which envisages the enveloping 
type was formed by a flash melting of a porous Fe-
rich dust clump on a preexisting core chondrule. 
Thus, enveloping types need two times of heating for 
the formation. 
      Here, we report the results of further 
investigation of the enveloping compound 
chondrules based on their oxygen isotopic 
composition.
Analytical techniques 
   Polished thin sections of the enveloping 
compound chondrules E29 and E30 were studied 
using optical microscopy, a scanning electron 
microscope equipped with EDS and an electron 
microprobe analyzer equipped with WDS. 
Measurements of oxygen isotope composition were 
performed using a CAMECA ims-6f SIMS at 
Kyushu University. San Carlos olivine was used as 
standards minerals. After correction of the 
instrumental mass fractionation by measurement of
standard minerals in between sample analyses, the 
obtained isotopic ratios have average  1  a error 
approximately  2%0 both for  6170 and  6180. 
Results and discussion 
   Both E29 and E30 enveloping compound 
chondrules consist of a BO core chondrule and a  PO 
host chondrule. In the E30, the BO shell of the core 
chondrule was recognized and the troilite layer exists 
at the inner wall of a BO shell (Fig.  I  a). On the 
other hand, in E29, the BO shell was not apparent 
and the olivine phenocrysts in a  PO host chondrule 
were directory contact with the mesostasis of a BO 
core chondrule (Fig.  lb). The discontinuous troilite 
layer is located parallel to the boundary of two
812-
chondrules within a  PO host chondrule. These 
textures found in the E29 imply that he BO shell of a 
core chondrule was melted together with the Fe-rich 
dust aggregates during the secondary heating event. 
    Oxygen isotope measurements of the E30 
enveloping types indicated that he core and the host 
chondrules have similar compositions in a range 
from -5 to 5 %o  oisosmow and from -10 to 0  %o 
 8170smow (Fig. 2). On the other hand, the E29 
enveloping type showed different oxygen 
compositions between the core and the host 
chondrules: the olivines in a host  PO chondrule have 
a wider oxygen isotopic variation  (6180smow range 
between  —15 and 0 %o), whereas the olivines in a core 
 BO chondrule have a narrow range of isotopic 
variation(6isosmowrange between —5 and 0 %o). 
Not only the oxygen isotopic ratios, but the Fo 
content of the olivines in a host chondrule showed 
wider variation (from Fo50 to Fo95) than that in a core 
chondrule (from Fo80 to Fo95). Oxygen composition 
of olivine in the two chondrules of the E29 seems to 
have no clear correlation with Fo#. These results 
suggest that he Fe-rich dust aggregates ona BO core 
chondrule has  '60-rich composition, and partial 
exchange of oxygen isotopes between  '60-rich dust 
clump and  160-poor gaseous reservoirs during the 
secondary heating resulted in heterogeneous xygen 
composition within a host chondrules. 
   Oxygen data of the two enveloping types lie on 
or close to the CCAM line [3] and both data sets in a 
core and a host chondrule clearly overlap on the 
oxygen three isotope plot. This indicates that the 
enveloping types were formed by two times of 
heating, during which oxygen compositions of 
chondrules, accreting dust, and nebular gases have 
stayed along the CCAM line. 
References: 
 [1] Wasson et al. (1995) GCA, 59, 1847-1896. 
[2] Akaki and Nakamura. (2002) Symp. 27th Antract. 
Meteorite, NIPR, 27, 1-3. [3] Clayton. (1993) Ann. 
Rev. Earth Planet. Sci. 21, 115.
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Fig. 1. (a) Back scattered electron image (BSE) of 
the enveloping compound chondrule E30. (b) BSE 
image of E29. Scale bar is  200pm in length.
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Introduction: 
   Ne-E(L) is a 22Ne-rich component found in 
primitive meteorites. When Black and Pepin  [1] 
measured Ne in the Orgueil meteorite by stepwise 
heating, they found that in a Ne three-isotope plot Ne 
isotopic ratios in the high (>800°C) temperature 
fractions fell below the triangle, where Ne-A, Ne-B 
and Ne-S, the Ne components commonly observed in 
meteorites, were apices. Obviously there was a new 
22Ne-rich component yet to be found in meteorites. 
Subsequent studies revealed that the 22Ne-rich 
component named Ne-E could be classified into two 
kinds: One kind, Ne-E(H) was released at  high 
temperatures (1100-1500°C) and the carrier phase 
was concentrated in high-density fractions  (2.5- 
3.1g/cm3). The other kind, Ne-E(L) was released at 
/ow temperatures (500-800°C) and the carrier was 
concentrated in /ow-density fractions (2.2-2.5g/cm3) 
[2]. The carrier of Ne-E(H) is  SiC that contains 22Ne 
in the He-shell of asymptotic giant branch (AGB) 
stars [3, 4]. The carrier of Ne-E(L) is graphite [5] 
and the 22Ne has been attributed to mostly 22Na 
produced in novae. In this paper, noble gas analyses 
on graphite as well as their results and implication 
will be discussed.
Krypton and Ne in bulk samples: 
   Essentially all data on graphite have been 
obtained from four graphite-rich fractions extracted 
from the Murchison meteorite, with a density range 
from 1.6 to 2.2g/cm3:  KE1 (1.6-2.05g/cm3) and its 
daughter fraction KE3 (1.65-1.72g/cm3),  KFA1 
 (2.05-2.1  Og/cm3), KFB 1  (2  .  1  0-2  .  1  5  g/cm3), and 
KFC1 (2.15-2.20g/cm3) [6]. 
   Krypton: Amari et al. [7] analyzed noble gases 
in bulk (=aggregate) samples of  KE1,  KFA1,  KFB1 
and  KFC1 by stepwise heating. In a  86Kr/82Kr_ 
"Kr/82Kr plot
, the 86=,-               Icr/82Kr ratiosof  KFC1 plot quite 
differently from those of the rest of the graphite 
fractions (Fig. 1). The 82Kr enrichment in all 
fractions indicates that hey contain s-process Kr. In 
the figure, there are two lines: one defined by  KFC1 
and the other by all the other fractions. The lines can 
be interpreted asmixing between s-process Kr and 
close-to-normal Kr. The two lines indicate that two 
kinds of s-process Kr are present in graphite and that 
 KFC1, the highest density fraction, contains s-
process Kr that is totally different from that of the 
lower-density fractions. The s-process  86/a/82ia 
[(86Kr/82Kr)s,         ] atios can be obtained by extrapolating 
the lines to the pure s-process 83Kr/82Kr ratio of 0.375 
because this ratio is nearly independent of the mean 
neutron exposure. In the same matter, the s-process 
 8Ke82Kr [(80Kr/82Ke
s,                 )ratios can be obtained.
(86y0/82yLes        )for  KFC1 is  4.43+0.46 and that for the 
other fractions is  0.10+0.25, whereas (80/a/82Kr)s                                      for
 KFC1 is  0.030+0.047 and that for the other fractions 
is  0.080+0.042, respectively. The high  (86K1/821(r)s 
for  KFC1 can be best explained by low-metallicity 
AGB stars (Z<0.006, solar:Z=0.02). The  (86/4a/82Kr)s 
for the other fractions can be attributed to close-to-
solar metallicity AGB stars. 
   Neon: The presence of s-process Kr indicates 
that at least part of the 22Ne of Ne-E(L) must have 
come from AGB stars. Assuming that the Ne in the 
samples was a mixture of three components, 22Ne 
from 22Na, 22Ne from the He-shell in AGB stars and 
close-to-solar Ne, Amari et al. [7] resolved the Ne in 
the samples into the three components. Neon in the 
samples is predominantly 22Ne from 22Na (80 to 95% 
in KE1,  KFA1, and KFC1; 50 to 75% in  KFB1) as 
first suggested by Clayton [8].
Neon in singles grains: 
   Nichols et al. [9] measured He and Ne in single 
graphite grains from KE3,  KFB1 and KFC1 that had 
been analyzed for their isotopic ratios of elements 
such as C, N and Si prior to noble gas analysis. 
They found that only a portion of the grains (7 to 
43% of the analyzed grains) have 22Ne above the 
detection limit of the noble gas mass spectrometer. 
Of special interest are the two 22Ne-rich grains,  KE3-
573 and  KFB1-161, for which the upper limit of 
 20Ne/22Ne is determined to be 0.01. It is lower than 
 20Ne/22Ne ratios predicted from the He-shell (>0.02) 
 [10], indicating that the two grains contain 22Nefrom 
the decay of 22Na. 
   The  12C/13C ratio  of  KFB1-161 is  3.8+0.1 (solar: 
89), which is indicative of a nova origin because 
nova ejecta are expected to be enriched in  13C, 
 15N and 26A1  [11-13]. The  '2C/'3C ratio of KE3-573 is 
 27±1, which is too high to be explained by a nova 
grain. It has been believed that many graphite grains 
in KE3 formed in supernovae [14] and 28Si excesses 
are characteristic of grains from supernovae.  KE3-
573 shows 28Si excess, with  629Si/28Si and  630Si/28si 
values being  —235±97%0 and  —327±128%00, 
respectively. In supernovae theoretical calculations 
 [15] predict that 22Na is produced in the  0/Ne zone 
where carbon burning takes place. Therefore, there 
may be more than one stellar source of 22Na, namely 
novae and supernovae.
Future work: 
   So far only two grains enriched in 22Ne from the 
decay of 22Na have been identified from the two 
graphite-rich fractions out of four. Obviously more 
studies are necessary to better understand the origin 
of Ne-E(L). It is essential to obtain correlated 
isotopic ratios of single grains by both secondary ion
—3—
mass spectrometry and noble gas mass spectrometry 
so that grain data can be compared with theoretical 
predictions of possible stellar sources.
References: 
 [1] Black D. C. (1972) Geochim. Cosmochim.  Acta 
36, 377-394. [2] Jungck M. H. A. (1982) Pure 22Ne 
in the Meteorite Orgueil, E. Reinhardt,  Munchen, 80. 
[3] Lewis R. S. et al. (1990) Nature 348, 293-298. [4] 
Lewis R. S. et al. (1994) Geochim. Cosmochim. Acta 
58, 471-494. [5] Amari S. et al. (1990) Nature 345, 
238-240. [6] Amari S. et al. (1994) Geochim. 
Cosmochim. Acta 58, 459-470. [7] Amari S. et al. 
(1995) Geochim. Cosmochim. Acta 59,  1411-1426. 
[8] Clayton D. D. (1975) Nature 257, 36-37. [9] 
Nichols R. H., Jr. et al. (2003) Geochim. Cosmochim. 
Acta, in press. [10] Gallino R.  (2003)pers. comm. 
[11]  Jose J. and Hernanz M. (1998) Astrophys. J. 
494, 680-690. [12] Starrfield S. et al. (1997) In 
Astrophysical Implications of the Laboratory Study 
of Presolar Materials, (T. J. Bernatowicz and E. 
Zinner) 203-234.  AIP, New York.  [13]  Starrfield S. et 
 al. (1998) Mon. Not. R. Astron. Soc. 296, 502-522. 
 [14] Travaglio C. et al. (1999) Astrophys. J. 510, 
325-354. [15] Woosley S. E. and Weaver T. A. 
 (1995)  Astrophys. J  Suppl. 101, 181-235.
separated SiC from the Murchison meteorite [4] are 
also plotted. Kr-N indicates a close-to-normal 
component derived from the SiC data, while Kenna 
Kr indicates a typical planetary Kr from the Kenna 
ureilite.
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Fig. 1. Krypton isotopic ratios of the graphite 
fractions  KE1, KFA  1, KFB  I and  KFC1 from the 
Murchison meteorite [7]. The data obtained on size-
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Introduction: 
 Various minerals are contained in carbonaceous 
chondrite matrix. Examinations of constituent 
minerals in carbonaceous chondrite become a key to 
the origin of these meteorites and subsequent 
processes. Carbon minerals are such examples. It is 
important o know the details of carbon minerals in 
these meteorites when considering an initial process 
of solar system formation. Isotopic compositions of 
carbon minerals, such as diamond and graphite have 
been studied as presolar  grains.[1] However, TEM 
examinations were not fully carried out to elucidate 
fine structures and textures of these minerals. 
Especially low-crystalline carbon minerals in 
Antarctic meteorite are not well known. Adequate 
quantity of carbon minerals are usually not contained 
in the carbonaceous chondrites. In this study, 
chemical technique was applied to collect carbon 
minerals for HRTEM observation.
Sample preparation: 
  0.2g-0.4g of the meteorite samples was dissolved 
by HF(48%), then, they were processed with dilute 
nitric acid and aqua regia. The dissolution residues 
were placed on microgrid which were coated with 
gold. Allende(CV3), Murchison(CM2) and ten 
Antarctic meteorites were used in this study. The ten 
Antarctic meteorites are as follows:  Asuka-
881551(C6),  A-882094(CO3),  Yamato-82102(C5), Y-
86751(CV3),  Y-790992(CO3),  Y-81020(CO3), Y-
74662(CM2), Y-86720(CM2),  Y-793321(CM2), 
 Belgica-7904("CI")
Results and discussion: 
   The nano-diamonds were observed from 
Murchison,  Yamato-86751 and Belgica-7904. 
Diamonds in Murchison were spherical particles of 
about  20-30  A in diameter, and the lattice image 
showed that it is not a single crystal but complicated 
multi-domain. However, clear particle images of the 
diamond grains in Belgica-7904 have not been 
observed.
Several types of graphite and low crystalline carbon 
were also observed. One of the characteristic types is 
a ribbon-like graphite grains. 3.4 A fringes of 
(001)lattice of graphite were observed especialy in 
the edge region of large particles, which show round 
shapes with a diameter of  lum or less. These edge 
parts are composed of ribbon-like aggregates. 
Moreover, "nano-ball"-like graphite aggregate with a 
diameter of  5-10nm was also  observed  . In addition, 
nearly amorphous carbon materials of spherical, 
concentric circle structure were observed. Among 
these, the concentric circle-like structure(Carbon 
Onion) was found only from Belgica-7904, which 
that high temperatur thermal metamorphism was 
 covered[2]. Summarizing all these features, the 
examined carbonaceous chondrite were classified 
into two types: Allende(CV3)-type and 
Murchison(CM2)-type. Crystallinity of carbon 
minerals in Allende-type was better than in 
Murchison-type. These classifications may be related 
to metamorphic degrees. The peaks of C-H bonding 
were recognized in  IR spectrum of the low-crystalline 
carbon minerals. In TEM observation, the doughnut-
like carbon globule was observed from Antarctic 
meteorites; Yamato-793321,  Yamato-81020, Yamato-
86720 and  Yamato-86751. These are the same 
materials that was discovered from the Tagish Lake 
meteorite for the first time and was presumed to be 
the organic  matter[3].These may be the first findings 
of such amorphous globules form the Antarctic 
carbonaceous chondrites. 
Heating experiment of these grains in electron 
microscope was carried out, and some slight changes 
were observed.
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INTRODUCTION: More than 30 lunar meteorites 
discovered in Antarctica, the Sahara Desert, etc. have 
continuously provided us with new data of possibly 
unexplored locations on the Moon. Yamato (Y) 
983885 is a lunar meteorite recently found in 
Antarctica  [1]. Kaiden and  Kojima  [1] reported the 
first-handed results for the petrography and oxygen 
isotopic composition, and verified the lunar origin. 
This study presents mineralogical data of this new 
lunar meteorite and discuss possible source region on 
the Moon. 
SAMPLE and METHOD: A polished thin section 
(PTS) Y983885, 59-2 is provided by the National 
Institute of Polar Research (NIPR). Chemical 
compositions of minerals and glasses were studied by 
a JEOL 733 electron probe microanalyzer (EPMA) and 
JEOL EPMA (8900 Super Probe) at the Ocean Research 
Institute, the University of Tokyo, and Field Emission 
SEM at Department ofEarth and Planetary Science, the 
University of Tokyo. 
RESULTS: The PTS Y983885, 59-2 is a polymict 
regolith breccia with various types of rock clasts, 
isolated mineral fragments, and glass spherule, 
embedded in the dark glassy matrix. Fusion crust is 
not found in this PTS. These rock clasts are mostly 
derived from highland lithologies. 
Alkali Anorthosite: This clast is 1.0 x 0.6 mm in 
size (Fig. 1) and consists of mainly Na-rich 
plagioclase (An65-90), Ca-rich pyroxene 
(En43Wo33Fs24, Mg#=64 -  En34Wo26Fs40, 
Mg#=45), ilmenite, Ca-phosphate, Si, Al, K-rich 
glass, trace of zircon . Ca-phosphate and droplet of Si, 
Al, K-rich glasses are found adjacent o lath-shaped 
ilmenite. No exsolution is detected in the pyroxene. 
  Troctolite: The clast, 2 x  1.8  mm in size (Fig. 2), is 
coarse-grained troctolite. It includes Ca-rich 
plagioclase (An95-97), Mg-rich olivine (Fo=70), 
low-Ca pyroxene (En72Wo3Fs25, Mg#=75  — 
En64Wo5Fs31, Mg#=67), Ti, Al-bearing chromite 
 (Chr64U1v10Her26), ilmenite, Ca-phosphate, troilite 
and FeNi metal. Chemical composition of each phase 
is fairly homogeneous. Ca-phosphates co-crystallize 
with ilmenite, chromite, troilite and FeNi metal. 
High-Al Basalt: This clast shows fine-grained 
basaltic (ophytic) texture (Fig. 3), including mostly 
plagioclase (An96-97), olivine  (Fo=66-70), pyroxene 
 (En48Wo32Fs20,  Mg#=71 —  En40Wo32Fs27, 
Mg#=60) with FeNi metal, troilite and Ca-phosphate. 
The clast is 1.2 x 0.7 mm in size. 
 Very-Low-Ti  Basalt  : This clast is 0.5 x 0.5mm in 
size (Fig. 4) and consists of pyroxene, plagioclase, 
silica mineral and dark mesostasis. Pyroxene crystals 
shows chemical zoning from core  (En48Wo32Fs20, 
Mg#=71) to rim  (En48Wo32Fs20, Mg#=71). 
Plagioclase shows homogeneous composition with
An=96. The mesostasis areas show break-down of 
silica,  fayalite and ilmenite. 
 Granulite: Round, polygonal, olivine crystals are 
included in a plagioclase crystal (Fig. 5). Chemical 
compositions of olivine and host plagioclase are 
homogeneous. Mg# of olivine is 69-71 and An of 
plagioclase is 95-96. The modal abundance and the 
mineral compositions how that the precursor of this 
granulite clast is ferroan anorthosite. 
 Glass Spherules: Various size of glass spherules 
 (50um-500um across) are found in this PTS. Fig. 6 
shows the largest glass spherule. Some are 
homogeneous in compositions, but others are 
devitrified and include plagioclase and pyroxene 
crystals. Chemical compositions of glass spherules 
without inclusions are fairly homogeneous and 
compositional variation between spherules are 
Si02=45-49 wt.% and A1203=21-27 wt.%,  Fe0=5-9 
wt.%,  MgO=4-8 wt.%. With these compositions, 
the glasses in Y983885 are apparently not of 
pyroclastic deriviation, but of impact origin. 
DISCUSSION: Alkali anorthosite is a rare lithology 
in highland and reported in  Apollo14 samples [e.g. 2, 
3]. High Al basalt with Ca-phosphate and K-rich 
glass, so-called, VHK basalts, are also uniquely 
found in Apollo 14 samples [4]. Apollo 14 sites, 
known as Fra Mauro Formation, are unique among 
other Apollo sites because the bedrock consists of 
indulated polymict breccia, which probably 
represents material entrained by impacts related to 
the Imbrium event [5]. Remote-sensing data 
indicates that the northwestern hemisphere  (Apollo14 
-  Apollol2 region) of the lunar near-side is 
exceptionally enriched in the incompatible trace 
elements, such as KREEP [6]. The presence of alkali 
anorthosite and KREEP components in troctolite and 
Hi-Al basalt in Y983885 implies that Y983885 is 
probably originated from the northwestern 
hemisphere  (Apollol4 -  Apollol2 region) of the 
lunar near-side. 
SUMMARY: Y9838855 is a polymict regolith 
breccia with various rock clasts of highland 
lithologies. The presence of clasts, uniquely found in 
 Apollo14 sites, such as alkali anorthosite, suggests 
that Y983885 is derived from the northwestern 
hemisphere on the near-side of the Moon. 
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Introduction: 
    Unequilibrated eucrites represent silicate melts 
that cooled quickly on the surface of the HED parent 
body (4 Vesta). These materials experienced minimal 
regional (also called crustal) metamorphism; they 
probably were not buried to significant depths [see 
also 1]. Contact metamorphism from nearby intrusive 
magma bodies and impact heating also were not 
significant. Because they were not greatly affected by 
post-crystallization metamorphism, unequilibrated 
eucrites had relatively simple thermal histories 
compared to equilibrated eucrites [2]. Hence, they 
can potentially provide important information about 
magmatic and volcanic processes on the asteroid.
Description: 
    Yamato(Y) 86762 is a moderately weathered 
polymict eucrite predominantly composed of 
single-mineral fragments ofpyroxene and plagioclase 
with a broad range of compositions. Lithic clasts of 
varying sizes also occur in this breccia nd include 
clast Z, a large, unequilibrated ucrite clast. Smaller 
lithic clasts include quickly cooled, quenched, and 
micro-porphyritic materials. Some pyroxene 
fragments in this breccia have relatively thick (up to 5 
 pm) exsolution lamellae, which suggest a component 
of equilibrated ucrite material. 
     Clast Z measures 8 mm x 7 mm in thin section. 
During excavation ofbulk samples of this clast from 
the main mass of the meteorite, it was found to extend 
to a significant depth. Hence, material was available 
for bulk composition analysis by prompt gamma-ray 
analysis (PGA) and instrumental neutron activation 
analysis (INAA). The clast is composed of subhedral 
to anhedral pyroxene and subhedral, ath-shaped 
feldspar with a fine-grained mesostasis (Fig. 1). 
Pyroxenes are up to 1.5 mm long; feldspars are much 
smaller and commonly range up to 500  pm in length 
and up to 25  p.m in width. A few larger feldspars also 
occur and are up to 0.5 mm in length and 0.15 mm in 
width. 
     Pyroxenes are twinned and are strongly zoned 
from cores of  Wo5En61 (Mg#63.8) to rims that are 
more iron-rich than  Wo31En25 (Mg#36.4) (Fig. 2). 
The cores are composed ofa host of low-Ca pyroxene 
with very fine (<<1 pm thick) augite exsolution 
lamellae. Some areas at the edges of these pyroxene 
grains are composed of a host of Fe-rich augite with 
blebby exsolution features. These exsolution features 
are up to 10  pm in size and are composed ofa mixture 
of a silica mineral and Fe-rich olivine, which appear 
dark and light, respectively, in back scattered lectron 
images. Some fractures in the cores of pyroxene
grains contain mineral grains that are too small to 
analyze by EPMA, but are bright on back scattered 
electron images. These grains are probably olivine. 
All of these features are similar to those described for 
extremely zoned pyroxenes in an unequilibrated 
eucrite clast from Macibini  [3].
Fig. 1. Photomicrograph with transmitted light of a 
portion of clast Z from Y86762. Note the network of 
feldspar laths at the edges of the large pyroxene grain.
Fig. 2. Back scattered electron image of a portion of 
clast Z. Note zoning of pyroxene grain and the 
absence of feldspar laths in the core of the grain.
    Feldspars in clast Z range from  Ab8An91 to 
 Ab19An80. Smaller feldspars commonly are more 
albite-rich than the cores of larger feldspars. These 
feldspar compositions are similar to those of feldspars 
found in main group eucrites (e.g., Juvinas) [4] and 
are also similar to those of feldspars found in some 
Nuevo Laredo trend eucrites [5]. Mesostasis of the 
clast includes a fine-grained mixture of a silica
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mineral and opaque minerals, which include ilmenite 
and troilite. 
    The texture of clast Z is somewhat unusual, 
because the small feldspar laths are enclosed in only 
the outer portions of the larger, zoned pyroxenes (Fig. 
1). The compositional boundary between Fe-rich 
pyroxene dges that contain feldspars and Mg-rich 
cores is approximately Mg# 50-60. This feature, 
however, does not necessarily imply that the melt 
represented by clast Z was richer in normative 
pyroxene than typical eucrite melts, because 
crystallization f plagioclase commonly issuppressed 
by high cooling rates [6]. The difference ingrain size 
between pyroxene and feldspar and the enclosure of
feldspars inthe outer portions of pyroxene grains give 
the clast a texture that is similar, in some respects, toa 
porphyritic texture, but, in other espects, toan ophitic 
texture. 
    The following discussion is based on 
preliminary bulk composition data for clast Z. It is 
relatively Fe-rich and has a Mg#  [100Mg/(Mg+Fe), 
atomic] of 33.2, compared to 41.1 for Juvinas and 
40.8 for Stannern [7]. Nuevo Laredo has a similar 
Mg# of 33.7. Abundance of  TiO2 is 1.1 wt.% and is 
higher than those of Juvinas (0.62 wt.%), Stannern 
(0.98 wt.%), and Nuevo Laredo (0.87 wt. %) [7]. 
Similar values were measured by Smith [8] for an 
evolved eucrite clast, BF7, from the howardite 
Kapoeta. This Kapoeta clast also had a similar Mg#, 
but, unlike clast Z, had a coarse-grained and 
somewhat cataclastic exture [9]. Abundance ofV for 
clast Z is 56±3 ppm and is similar to that of Nuevo 
Laredo  (61±4 ppm), but is lower than those of Juvinas 
(85±16 ppm) and Stannern (77±12 ppm) [7].
Discussion: 
    Compositional data indicate that clast Z is a 
Nuevo Laredo trend eucrite (Fig. 3). The texture and 
unequilibrated character of the clast suggest that it 
was emplaced onto the surface of 4 Vesta and was 
never buried to significant depth. Hence, it avoided 
significant regional metamorphism. It also did not 
experience significant amounts of post-crystallization 
contact metamorphism or impact heating. It is 
possible that this clast represents a fragment of 
crystalline impact melt formed from Nuevo Laredo 
trend eucritic material. Abundances ofNi and Co, 
which were determined by INAA and presently are 
being evaluated, may determine whether this is the 
case. However, itmust be noted that classification on 
the basis of Ni and Co abundances of a crystalline 
silicate material s representing animpact melt can be 
ambiguous [ ee discussion i 10]. 
    It is also possible thatthis clast represents an
evolved melt from a magma chamber that experienced 
differentiation u til relatively late in the magmatic 
history of 4 Vesta. This would explain why this 
material was not buried by subsequent lava flows and 
did not experience r gional metamorphism [see also 
 1]. Considering that the resolution of the magmatic
history of 4 Vesta has recently received a great deal of 
attention [e.g., 11], dating of this clast by isotopic 
techniques is an important future goal of our research.
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Introduction: 
   It has long been hoped that spectroscopic 
observations of asteroids would allow meteoritic 
parent bodies to be identified in the asteroid belt. 
Since we can do detailed chemical and isotopic 
analyses in the laboratory, the linking of particular 
types of meteorite with different asteroids allows us to 
gain insight on how the composition of the solar 
nebula changed with distance from the Sun. 
   However, most asteroids are not good 
spectroscopic matches to meteorites in the visible and 
near-infrared wavelength regions. For example, 
many asteroids have interpreted mineralogies 
consistent with ordinary chondrites; however, the 
asteroids tend to have reflectance spectra with steeper 
spectral slopes (redder spectra) than measured 
meteorite powders. This spectral mismatch as been 
attributed to the production of submicroscopic ron in 
asteroidal regoliths, which is usually called "space 
weathering." Submicroscopic iron  [1] is formed by 
the reduction of  Fe0 to metallic iron during impact 
heating and the implantation of hydrogen by the solar 
wind. Submicroscopic iron particles have been 
found in both lunar samples [2] and olivine irradiated 
by a pulse laser [3] at energies imilar to those found 
in micrometeorite impacts. 
   It has been difficult to determine the effects of 
"space weathering" in meteorite samples since it is 
unclear how well meteorites are actually sampling 
asteroidal regoliths. We have identified a meteorite 
that may give insight on the effects of "space 
weathering." We have found submicroscopic iron 
particles in an H-chondrite impact melt (Dar al Gani 
896 or DaG 896) using transmission and analytical 
electron microscopy (TEM-AEM). We have also 
obtained reflectance and  Mossbauer spectra of this 
meteorite. We believe we can possibly use this 
meteorite as a guide for understanding the petrologic 
and spectral properties of asteroidal surfaces.
Petrology: 
   DaG 896 [4] has a microporphyritic texture with
abundant (-64 vol.%) olivine (Fo82.5±2.5) crystals et in 
a groundmass consisting mainly of Si-rich glass plus 
quench microlites of pigeonite  (En59,5Wo9,3). There 
are blebs of opaque phases disseminated within the 
glass. Chondritic relics (-10 vol.%) are spread 
throughout he igneous groundmass. DaG 896 is 
interpreted to have formed as the result of whole-rock 
melting of H-chondrite material, nearly complete loss 
of the metal plus sulfide component, and 
crystallization without significant igneous 
fractionation.
Opaque Phases: 
   TEM-AEM investigations allow us to identify 
and characterize the submicron-sized opaque phases. 
These opaque phases consist mainly of metal 
(kamacite, 1.5% Ni) and troilite blebs. Metal blebs 
are typically found in contact with pyroxene 
microlites. The metal particles are 150 to 350 nm in 
size and have an occurrence frequency  of  —1 per  j.tm2. 
Troilite particles typically free-float within the glass, 
are usually a few tens of microns in size, and have an 
occurrence frequency  of  —10 per  gm2. 
   The metal and sulfide blebs are interpreted as 
residues from the removal of FeNi-FeS melt from the 
silicate melt. Removal of the FeNi-FeS melt could 
be efficiently accomplished by differential 
acceleration, even under the low gravitational fields 
of small (<100 km in diameter) asteroids. This is due 
to the highly contrasting densities of the silicate and 
the metal melts if the metal particles were larger than 
 —1 mm in diameter. Smaller metal particles do not 
move in a silicate melt, even under much larger 
accelerations. Metal and sulfide blebs have been 
previously identified in melt pockets in shocked 
ordinary chondrites [5]. 
The metal particles identified in DaG 896 are bigger 
than those found in the irradiated olivine samples of 
Sasaki et al. [3]. Their particles were only up to 30 
nm in size. Hapke [6] emphasizes that the iron 
particles that cause "space weathering" just need to be 
smaller than the wavelength of light. Noble et al. [7]
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are currently investigating how the average size of 
submicroscopic iron particles changes the optical 
properties of a sample.
Spectroscopy: 
   Reflectance spectra (0.32-2.5 and 2.5-25.0  [tm) 
for a sample of DaG 896 were obtained at the 
NASA/Keck RELAB facility located at Brown 
University. Its reflectance spectrum in the visible 
and near-infrared is significantly reddened compared 
to ordinary chondrites and has a spectral slope 
comparable to some S-type asteroids. Consistent 
with its composition, its spectrum indicates an 
assemblage enriched in olivine compared to H 
chondrites. This sample has a visual albedo 
(reflectance at 0.55  p.m) of 0.21, which is similar to 
the albedo of some S-type asteroids. 
   Since DaG 896 is a find, we investigated whether 
its spectral redness could be due to a terrestrial 
weathering product such as hematite. 
Room-temperature Mossbauer spectra were acquired 
at The Open University and in the Mineral 
Spectroscopy Lab at Mount Holyoke College on the 
same sample used for reflectance spectroscopy. We 
found 6 area%  Fe3+ in the sample, most likely 
indicating a terrestrial weathering product. There 
was no evidence for the presence of hematite at the 
 1% detection limit of the  Mossbauer. We also found 
no evidence for submicroscopic ron particles in the 
Mossbauer spectrum, suggesting that the number of 
Fe atoms in these particles must be insignificant 
relative to those in the coexisting pyroxene and 
olivine. 
   Salisbury and Hunt [8] proposed some methods 
for determining the extent to which a chondritic 
meteorite has been terrestrially  weathered. They 
found that the ratio of the reflectance at 0.5  µm to that 
at 0.6  [tm should be between 0.94 and 0.98 and that 
the ratio of the reflectance at 3.0  lAm to that at 2.7  IAM 
should indicate no appreciable absorption band at 3 
 [tm for unweathered samples. For DaG 896, the 
0.5/0.6  i_tm reflectance ratio is 0.78 and the 3.0/2.7  pm 
reflectance ratio is 0.68. These values for DaG 896 
imply a terrestrially weathered sample. 
    Many S-type asteroids fail the 0.5/0.6  1.trn 
reflectance ratio test. For example, 63 Ausonia [9] 
has a 0.5/0.6  pm reflectance ratio of 0.82. Due to 
their strong UV (ultraviolet) features, olivine samples 
 [10] also have lower 0.5/0.6  Jim reflectance ratios than 
unweathered ordinary chondrites. 
    Kring et al.  [11] measured the spectrum of melt 
material from the L-chondrite impact melt breccia 
called Cat Mountain. Cat Mountain is a very fresh 
and unweathered find. Their spectrum of melt 
material was not spectrally reddened.
Interpretation: 
   The significance of the DaG 896 meteorite is that 
there has been almost complete removal of metal and 
troilite from an ordinary chondrite except for
submicroscopic FeNi and FeS particles. The 
remaining material is predominately silicates and 
glass. We are investigating whether the density of 
submicroscopic iron particles remaining in the melt 
phase is enough to redden the spectrum of an asteroid. 
One possibility is that impact melting of 
ordinary-chondritic material produces an olivine-rich 
silicate rock with some submicroscopic iron. 
However, spectral reddening is due to submicroscopic 
iron produced uring micrometeorite impacts onto the 
olivine-rich surface [3]. 
   It is unclear if impact melting and the almost 
complete removal of metal and troilite from the 
regolith are common processes occurring on the 
surfaces of asteroids. Keil et al.  [12] have argued 
that the volume of whole rock impact melt formed on 
most asteroids is a very small fraction of the debris 
generated by the impacts. However, continual 
impacts on the surface could possibly enrich the 
fraction of impact melt on the surface. The Muses-C 
sample-return mission to S-type asteroid 25143 1998 
SF36 should help us to better understand the 
properties of asteroidal regoliths.
Conclusions: 
   We have identified submicroscopic iron particles 
in an H-chondrite impact melt due to the almost 
complete removal of metallic iron and troilite. We 
are trying to understand if this process can redden the 
reflectance spectrum of an asteroid. We are currently 
studying some "unweathered" ordinary chondrite 
impact melts to look for submicroscopic iron particles 
and reddened reflectance spectra.
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OXYGEN ISOTOPES IN CARBONACEOUS CHONDRITES. R. N.  Claytonl'2'3 and T. K.  Mayeda', 'Enrico 
Fermi Institute, 2Department of Chemistry, 3Department of the Geophysical Sciences, University of Chicago, 
Chicago, IL 60637, USA.
   Thermal metamorphism of CM and CI chon-
drites has been studied by several techniques: elec-
tron microscopy  [1], spectroscopy [2], thin-section 
petrography [3], trace-element chemistry [4], and 
oxygen isotope analysis [5]. There are now many 
meteorites that have been studied by these methods, 
so that it is possible to compare results for consis-
tency. We present new oxygen isotope data, deter-
mined since [5], published six years ago, and show 
that the various techniques are not all measuring the 
same processes. 
   Fundamental to interpretation of the whole-rock 
oxygen isotopic compositions are two well-estab-
lished systematic patterns: (1) the compositions of 
the main population of unmetamorphosed CM chon-
drites form an approximately linear array on the 
oxygen three-isotope graph, reflecting chemical in-
teraction between anhydrous silicates and aqueous 
solutions, resulting in progressive increases in  8'80 
and  8'70 with increasing water/rock ratio [6], and 
(2) thermal dehydration of phyllosilicates is accom-
panied by a kinetic isotopic fractionation, in which 
the residual silicates are further enriched in the heavy 
isotopes of oxygen [7]. The isotopic systematics im-
ply a CO-like isotopic composition for the anhydrous 
            Table 1.  Oxwen  IsotonicComnosi
precursors for process (1). 
   With limited data, previous results [5] suggested 
the existence of two isotopic groups for metamor-
phosed CM chondrites, one having isotopic compo-
sitions near the main CM trend, but about  1%0 more 
negative in  0170 (e.g., Y-82098 Y-86695, and  A-
881334), and the other having much higher  6180 and 
 8170, known as the Belgica-7904 group (B-7904,  Y-
82162, Y-86720, Y-86789). The latter group must 
have had  CI-like compositions before dehydration. 
   New oxygen isotope data on several carbona-
ceous chondrites are given in Table 1, and are high-
lighted in Fig. 1. Table 1 shows three instances in 
which the oxygen isotope data are inconsistent with 
previous classification. EET 90043 has been classi-
fied as C2, but oxygen isotopes place it in the CO 
group; EET 96010, classified as CV3, shows oxygen 
isotope evidence of extensive hydration, similar to 
that seen in the B-7904 group; EET 96026, classified 
as an R chondrite, is apparently a CO chondrite. In 
addition, we have now recognized several meteorites 
(other than CI) with very "heavy" oxygen  (8180 
 +15%0). Additional study of these is needed in order 
to produce a systematic lassification.
 yg topic  positions of Some Carbonaceous Chondrites
Meteorite Class'  8'80  (%o)  suo  (70°) Oxygen group2
ALH 81003 
ALH 85003 
Dho 225 
EET 90043 
EET 96010 
EET 96026 
MET 00639 
MET 00737 
PCA 91008 
WIS 91600 
Y 86029
CV3 an 
CO3 
CM an 
C2 
CV3 
R3 
CM2 
 CO3 
C2 un 
C2 
CI meta
 +1.95 
 —2.70 
+22.08 
 —0.72 
 15.93 
 —0.96 
+8.53 
 —2.02 
+5.26 
+17.43 
+21.87
 —2.93 
 —6.01 
+9.39 
 —3.84 
  8.14 
 —5.03 
+1.99 
 —5.80 
 —0.69 
+8.98 
+11.58
CV 
CO 
B-7904 
CO 
B-7904 
CO 
CM 
CO 
CM 
B-7904 
CI meta
2
Published classification. 
Oxygen isotope group; "B-7904" indicates a  CI-like hydrous precursor.
   A striking example of discordance between dif-
ferent analytical techniques is seen in the case of five 
"CM2" samples for which mobile
, volatile trace-
elements were determined [3]: Y-793321, Y-82054, 
WIS 91600, PCA 91008, and EET 90043. These all 
have similar levels of depletion of mobile trace ele-
ments, but their oxygen isotopic compositions span 
almost the whole range of CO-CM chondrites. Only 
Y-793321 and PCA 91008 have compositions in the
main CM2 range; meteorites EET 90043 and Y-
82054 fall near the CO trend, indicating that they 
have never been hydrated to the extent of typical 
CM's; WIS 91600 lies well beyond the range of typi-
cal CM's, indicating a two-fold higher water-rock 
ratio in the hydration stage. Thus, meteorites in this 
group did not have a uniform, common CM-like 
isotopic and chemical composition prior to metamor-
phism.
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Fig. 1 Oxygen three-isotope graph for CO and CM  cl 
filled circles (CO) and open circles (CM) are from [6].
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REFLECTANCE SPECTRA OF UREILITES. E . A.  Cloutisl and P. Hudon2, 1Department 
of Geography, University of Winnipeg, Manitoba, Canada, 2Astromaterials Research and 
Exploration Science Office, NASA Johnson Space Center, Houston, Texas, USA.
Introduction: 
    Ureilites are unique carbon-bearing achondrites. 
They are composed primarily of olivine and 
pyroxene with minor amounts of finely dispersed 
matrix material consisting mostly of carbon, metal, 
sulfides and fine-grained silicates [1,2]. As is the case 
with many classes of meteorites, no clear chain of 
evidence exists which can relate them to specific 
asteroidal parent bodies. In order to provide insights 
into parent body connections, visible and  near-IR 
(VNIR) reflectance spectra of a number of ureilites 
have been measured and analyzed in light of their 
mineralogy.
Experimental Procedure: 
   A total of 14 ureilites have been spectrally 
characterized. Their mafic silicate mineralogy is 
given in Table 1.  VNIR diffuse reflectance spectra 
were obtained at room temperature using the 
instrument and methods described by  [15].
Table  I . Mafic silicate mineralo of ureilites  investiaated
Ureilite Mineralogy (modal %) Ref.
GRA95205 
 GRO95575 
ALH77257 
Novo-Urei 
Kenna
Goalpara 
PCA82506 
 ALH81101 
EET96042 
EET87517 
ALH82130
LEW88201 
MET78008
 DAG319
ol(94)+pig(5) 
ol(90)+pig(9) 
 ol(80)+pig(15) 
 01(77)+pig(22) 
ol(68)+pig(21) 
ol(78)+pig(20) 
ol(77)+pig(23) 
ol(52)+pig(48) 
 ol+pig 
 ol+pig 
ol(45)+opx(55) 
 ol(40)+pig(40)+aug(10) 
ol(60)+pig+aug(total px:30) 
ol(46)+pig(54)+aug(rare) 
ol(95)+aug(5) and (bimodal)
ol(63)+aug(30)+opx(4)+pig(3)
Polymic breccia
[3] 
[3] 
[4] 
[3] 
[5] 
[3] 
[6] 
[7] 
[8] 
[8] 
[3,8] 
[9] 
 [10] 
[11] 
[12]
[13,14]
Results: 
    The reflectance spectra of the various ureilites 
(Figure 1) show a number of common features, 
specifically low overall reflectance (generally less 
than 25%) a reflectance maximum near 0.7 microns, 
and a broad, but weak, absorption feature in the  1 
micron region. Reflectance is generally flat or 
slightly decreasing beyond about 1.2 microns. 
   Detailed analysis of the broad absorption 
feature in the 1-micron region shows evidence for 
two partially overlapping absorption bands. These 
two bands generally appear near 0.92 and 1.02 
microns, with variations in band positions between 
different samples.
 Discussion: 
    On the basis  of  the inferred mineralogies of the 
ureilites (largely olivine and subordinate pigeonite or, 
less frequently augite or orthopyroxene), the 
absorption band positions appear in the approximate 
locations expected from their mafic silicate 
mineralogies. However, importance differences exist 
between the ureilite spectra and the spectra of mafic 
silicate mixtures. 
    The absorption bands found in the ureilite 
spectra have band depths on the order  of  0-12%. This 
is much less than the equivalent band depths for 
opaque-free mafic silicates, even for particle sizes 
<45 microns  [16], which are generally on the order of 
a few tens of percent. The major difference between 
the ureilites and mafic silicate mixture spectra is that 
the ureilites contain a few percent of finely dispersed 
insoluble carbon-rich material  [1,2]. Previous 
laboratory work on the reflectance spectra of mafic 
silicate + opaque assemblages has shown that the 
presence of even a few tenths percent finely 
dispersed opaques can drastically reduce band depths 
to the levels seen in the ureilites [17]. 
    The ureilite spectra also show much narrower 
absorption features than corresponding mafic silicate 
spectra [16]. This is attributable to the presence of 
the carbon-rich material. Its presence leads to an 
enhancement of surface over volume scattering, 
accounting for the narrower than expected absorption 
band widths (as well as the reduced absorption band 
depths) [17]. 
    In terms of the relative strengths of the 
pyroxene and olivine absorption bands, based on the 
available compositional data for the ureilites [3-14], 
pyroxene absorption bands are of approximately 
equal intensity to the olivine bands even when the 
pyroxene-pigeonite abundance is as low as a few 
percent. There are a number of possible explanations 
for this. One is that the normative mineralogies for 
these meteorites may not be representative of the 
actual samples which were spectrally characterized; 
pyroxene abundances may be higher or lower than 
the values stated in the literature. However, if we 
assume that the normative mineralogies are roughly 
representative of the samples used in this study, only 
a few percent pyroxene are required to result in an 
absorption band of comparable strength to the olivine 
absorption band. This is due to the fact that pyroxene 
is a much more intense absorber than olivine [16]. 
   The relatively flat slopes of the ureilite spectra 
are consistent with only certain types of opaque 
phases. In terms of plausible opaque  and/or carbon-
rich materials, coal tar extract, bitumen, cementite, 
wustite, and amorphous carbon mixed with olivine 
result in reflectance spectra that are more red-sloped
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Figure 1. Reflectance spectra of the ureilite samples. 
than the ureilite spectra. Only diamond and graphite 
result in neutral or slightly blue-sloped spectra 
similar to the ureilites. Of these, diamond does not 
appreciably reduce overall reflectance or 
dramatically reduce mafic silicate band depths. 
Consequently, graphite (both crystalline and poorly 
ordered) is the best opaque candidate; it is also 
consistent with the opaque material found in the 
ureilites [1,2]. 
   Spectrally, the ureilites are most similar to 
certain carbonaceous chondrite meteorite classes and 
C-class asteroids: all three exhibit low overall 
reflectance and relatively flat spectral slopes. 
However, carbonaceous chondrites and C-class 
asteroid spectra are generally featureless in the 1 
micron region, and do not generally exhibit 
resolvable absorption bands in this region. As a 
result, C-class asteroids are normally associated with 
carbonaceous chondrites, although spectral 
differences do exist between the meteorite and 
asteroid spectra. If ureilites are to be related to C-
class asteroids, the differences between the ureilite 
and asteroid spectra must be explained. A number of 
mechanisms could be invoked to account for the 
spectral differences, uch as suppression of the mafic 
silicate absorption bands due to coating of the mafic 
silicate grains through micrometeorite impacts, or 
other "space weathering" mechanisms. We are 
currently searching the available asteroid spectral 
databases to search for spectral features which are 
consistent with the ureilite spectra. 
    In summary, the ureilite reflectance spectra 
exhibit absorption features, which are broadly 
consistent with their mineralogies. The mafic silicate
  0.4 0.6 0.8 1 1.2 
                 Wavelength
l spectraoftheureilitesamples.
 1.4 1.6 1.8 2 2.2 2.4 
 (x1000 nm) 
absorption bands are modified in the way expected 
due to the presence of a fine-grained, intimately 
dispersed, spectrally neutral opaque phase. 
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EVAPORATION OF CMAS-LIQUIDS UNDER REDUCING CONDITIONS: CONSTRAINTS ON THE 
FORMATION OF TYPE  B1 CAIs. A. M.  Davisl'2, R. A.  Mendybaev  1, and F. M. Richter' . 'Department of the 
Geophysical Sciences, 2Enrico Fermi Institute, The University of Chicago, Chicago, IL 60637.
Introduction: 
   We have argued that the melilite mantles of 
Type  B1 CAIs could have formed by preferential 
crystallization in the outer parts of partially molten 
droplets due to rapid evaporative depletion of Mg 
and Si [1, 2]. If, however, the rate of evaporation is 
sufficiently slow for diffusion to maintain chemical 
homogeneity, there would be no distinction between 
the inner and outer parts of the molten droplet, and a 
much more uniform distribution of melilite, like that 
of the Type B2 CAIs, would result. Here we present 
the results of new evaporation experiments aimed at 
further refining the conditions determining the 
textures of the Type B CAIs and report some other 
unanticipated effects that may be related to Wark-
Lovering rim formation.
Experimental: 
   The evaporation experiments were conducted at 
1425° and 1475°C using partially molten droplets of 
DT1 composition [2]. A Deltech  1 atm gas-mixing 
furnace operated with  H2-0O2 gas mixtures with log 
 f02 from IW-4 to  —IW-10 (nominally pure H2) 
flowing at  1 to 10 cm  s-1 was used. The rate of 
evaporation is controlled by gas saturated in the 
evaporating species (which is a function of  f02) 
being continuously removed at a prescribed flow 
rate. The samples were quenched in air after 0.5-50 h 
of exposure. Run products were examined by 
backscattered electron imaging scanning electron 
microscopy and analyzed by energy-dispersive x-ray 
microanalysis.
 Bis and B2s: 
   Type B2-like textures were observed at log 
 f02>IW-5, independent of both cooling rate andgas 
flow rate. This suggests that the evaporation rates of 
Mg and Si were slow compared to their diffusion 
rates, thus maintaining a chemically homogeneous 
droplet. This was confirmed by chemical analyses of 
quenched samples run for up to 2 hours at 
temperatures above the crystallization temperature of
melilite, which showed no chemical gradients. Type 
 B1-like textures with relatively thick melilite rims 
were observed in experiments when samples were 
exposed to H2 for more than — 2 h. When similar 
samples were quenched after exposure to H2 for 
0.5-1 h, but before crystallization of melilite, the 
outer parts of the charges were found to be depleted 
in Mg and Si compared to the interior, with profiles 
similar to calculated ones [3]. This suggests that 
under more reducing conditions the evaporation rate 
is too fast for diffusion to maintain chemical 
homogeneity, and that the depletion of Mg and Si in
the outer parts of the charges causes the formation of 
the melilite rim. Droplets exposed to gas with solar 
 f02 (log  f02—IW-6) showed both  B  1- and B2-like 
textures depending on the evaporation rate (which is 
proportional to the flow rate of the gas). Under high 
(-10 cm  s-1) flow rates, with high removal rates of 
the evaporating species,  B1-like textures were 
observed, while under low flow rates (-1 cm s-1), 
B2-like textures were formed. The experimental 
results provide a generalizable estimate of the critical 
value of the evaporation rate relative to the chemical 
diffusion rate required to produce chemical gradients 
sufficient for the preferential crystallization of 
melilite in the vicinity of the evaporating surface. 
This critical evaporation rate is then used to 
characterize the conditions that led some Type B 
CAIs to have distinctive melilite mantles  (B1) vs. 
others with more uniformly distributed melilite (B2).
Hibonite and spinel formation: 
    Long exposure to H2 also often results in 
formation of hibonite and nonstoichiometric spinel 
(0.25  5  (Mg/Al)ato. 0.50) at the extreme dges of 
charges. These phases are only found in contact with 
melilite, not with glass (Fig. 1). There are a few 
reports of nonstoichimetric, Mg-poor spinel in the 
 CAIs [e.g., 4], but none with the degree of 
nonstoichiometry found in these experiments. We 
suggest hat development of nonstoichiometric spinel 
and hibonite may occur in nature by subsolidus 
evaporation of melilite and pyroxene, and may be 
related to the hibonite-spinel layers of Wark-
Lovering rims on  CAIs. These layers have been 
attributed to flash-heating [5], but may instead have 
formed by relatively slow evaporation of partially or 
completely solid CAIs. This may explain the lack of 
isotopic mass fractionation in Wark-Lovering rims 
around  CAIs. Also noteworthy in the experiments i
the presence of very gehlenitic melilite at the 
exteriors of charges exposed to hydrogen at high 
temperature. Based on texture and zoning of large 
euhedral melilite, the very gehlenitic melilite is not 
part of the normal crystallization sequence and likely 
results from evaporation of Mg from previously 
crystallized melilite near the surface. Type B  CAIs 
often have very gehlenitic melilite with a few lOs of 
 um of the edge of the  CAI. This may also form by 
subsolidus evaporation. Further work needs to be 
done on these features, but the data collected so far 
suggest an alternative to the flash-heating origin of 
Wark-Lovering rims.
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Fig. 1. Combined color map of melilite chemistry and grayscale map of  MgO content in sample DT1-4E, a Type 
B  CAI melt evaporated in flowing hydrogen for 495 minutes at  1351°C. Stoichiometric  MgA1204 contains 28.6 
wt%  MgO, and stoichiometric spinel can be seen as small grains in the interior of the charge. At the exterior, the 
 MgO content drops significantly, to 22 wt%  MgO in this charge. Nonstoichiometric, Mg-poor spinel is only 
found at the exterior, and never in contact with glass. Diffusion of Mg is relatively rapid in spinel and glass, but 
very slow in melilite. Spinel within melilite loses Mg through evaporation and is protected from replenishment 
by slow diffusion of Mg within melilite. Melilite show sector zoning with a classical hourglass profile shape. 
Note also the development of very gehlenitic melilite near the rim, which is also associated with minor hibonite.
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COMPARISON OF THE CHEMISTRY OF  YAIVIATO 980459 WITH  DaG 
SaU 005. G. Dreibus, R. Haubold, W.  Huisl, and B. Spettel,  Max-Planck-Institut 
P.O. BOX 3060, D-55020 Mainz, Germany;  dreibusAmpch-mainz.mpg.de
Introduction: 
 The SNC meteorite Yamato 980459 recently 
discovered by the Japanese Antarctic expedition 
belongs to the group of olivine-bearing shergottites. 
These meteorites consist of large olivine (+ 
sometimes orthopyroxene) crystals in a fine-grained 
basaltic groundmass. In this group of shergottites 
only Y 980459 and the  EETA7900I  A (lithology A) 
were found in the cold desert of Antarctica; all others 
were found in the hot deserts of Oman, Libya, and 
Northwest Africa. The chemical composition of the 
new olivine-bearing shergottite Y 980459 from 
Antarctica resembles ignificantly that of SaU 005, a 
slightly weathered find from the Oman desert. 
DaG476 from the Libyan desert is chemically and 
petrologically very similar to SaU 005, but with a 
high terrestrial alteration from the hot desert (Table 
1).
Influence of desert alteration: 
 We have analyzed the concentrations of major, 
minor, and trace elements in olivine-bearing 
shergottites from hot deserts of Libya, DaG 476, and 
from Oman, Dhofar 019 and SaU 005, by INAA 
(Instrumental Neutron Activation Analysis) and C-S-
Analyzer. These meteorites revealed a varying 
influence of terrestrial weathering [1, 2] indicated by 
raised abundances of C, S. Sr, Ba, Br, I (Table 1) and 
unusual subchondritic La/U  and Th/U ratios [2]. All 
falls and finds except hose from hot desert regions 
have chondritic La/U and Th/U ratios. The analyses 
of soil samples from below the desert meteorite finds 
as well as of caliche, a desert weathering product 
partly covering the meteorites, also showed 
subchondritic La/U and  Th/U ratios.  Uranium(VI) 
compounds are a source of hot desert contamination 
due to their high solubility. Caliche is high in calcite 
which can cause carbonate enrichment in altered 
meteorites. DaG 476 exhibits carbonate veins from 
terrestrial weathering, which raise its Ca and C 
contents. SaU 005 has no visible carbonate veins and 
a low content of carbon. 
 The striking terrestrial contamination in Martian 
meteorites (= SNC) collected in the cold desert, 
Antarctica, is the overabundance of iodine [3]. The 
Antarctic ice is enriched of iodine from  aerosols  . 
Depth profile measurements of iodine in rocks and 
meteorites from the Antarctica, first performed by 
[4], demonstrated the possible diffusion of iodine 
from the surrounding ice into the interior of the 
rocks. Langenauer and  Krahenbahl [5] found a 
surface enrichment of all halogens in Antarctic H5 
chondrites. The highest enrichment factor was found 
for I and  Cl and the lowest for Br. Fluorine is only 
enriched in the outermost surface layer [5, 6].
476 AND 
f. Chemie,
Nevertheless, the new Antarctic olivine-bearing 
shergottite could help us to recognize the amount of 
terrestrial contamination in the hot desert 
shergottites. 
Chemistry of  Y  980459: 
 From the Y 980459 Consortium we received a 
subsample (No. 83) of 250 mg from a pulverized 
bulk of  2.585  g (No. 80). This subsample was 
analyzed with the same analytical methods as all 
other SNC meteorites. 
 There is a significant overlap in the chemical 
composition of Y 980459 and SaU 005, reflecting 
similar petrological composition. Both meteorites 
have similar LREE depleted patterns. The absolute 
REE concentrations in Y 980459 are slightly higher. 
Uranium and Th are lower than our detection limit 
indicating no contamination with these elements. The 
higher Ga and Na contents in our sample of the 
Yamato meteorite point to a higher portion of 
feldspatic glass than in SaU 005. The higher Sc 
content and lower Ni content could result from a 
decreasing olivine/groundmass ratio in this 
meteorite. A basaltic groundmass less diluted with 
olivine in  Y  980459 than in SaU 005 could be the 
explanation for the low enrichment of feldspatic 
elements like Ga and Na and the phosphate-related 
REE. 
 The  K/La ratios in the olivine-bearing shergottites 
from hot deserts are 2 to 3 times higher than the 
mean  K/La ratio of 635 for all other SNC meteorites. 
Even more surprising are their 6 to 170 times higher 
Br/La ratios, compared to the mean Br/La ratio of 
0.4. These overabundances of K and Br in picritic 
shergottites were attributed by us to terrestrial desert 
alteration of the large olivine megacrysts in these 
meteorites [7]. However, the weakly altered SaU 005 
also has a high K/La ratio of 1660 and a Br/La ratio 
of 2.5. Surprisingly,  Y  980459, from which we do not 
expect a chemical alteration with K and Br, has a 
 K/La ratio of 1460 and a Br/La ratio of 1.7, similarto 
those of SaU 005. Certainly, a terrestrial halogen 
contamination of Y 980459 cannot be completely 
excluded. The high F content of 86 ppm and the F/Li 
ratio of 70, compared to the ratio of about 25 for the 
shergottite and Chassigny  falls  , could indicate a 
slight F contamination. The C content in the Yamato 
meteorite is also the highest of all the other Antarctic 
shergottites. 
 If Y980459 has not suffered an alteration of K and 
Br during its residence time in the Antarctic ice, its 
identical chemical composition with SaU 005 would 
confirm the low influence of desert weathering due 
to the low terrestrial age of about 0.02 Ma [8] of the 
latter. Consequently, the observed enrichment of 
these meteorites in K and Br relative to La might be
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indigenous and could reflect a higher portion of  K-
rich feldspatic glass or mesostases in their fine-
grained groundmass as found in the olivine-free 
basaltic shergottites. 
Table 1: Analytical results of  Y-980459, DaG 476, 
and SaU 005.
Y-980459  DaG 476 SaU 005
 MgO % 19.41 20.49
 A  12  03 4.37 4.53
Si02 45.76 47.2
 CaO 5.88  7.45* 5.74
 TiO2 0.39 0.42
 FeO 18.24 16.06 17.6
Na20 0.68 0.51 0.6
P205 0.32 0.31
S 0.17 0.27 0.16
K  0.0175 0.032  0.018
 Cr2  03 0.79 0.78 0.78
 MnO 0.49 0.45 0.45
Li ppm 1.3
C 690 4700 1100
F 86 113 56
 Cl 57 82 143
Sc 36.4 29.9 29.9
Co 56.2 51.1 55
Ni 240 300 310
Zn 76 66 61
Ga 11 8.7 8.8
As <0.2 0.24 0.46
Se <0.9 0.4 <0.5
Br 0.205 1.1 0.264
I 2.0 5.0 1.9
Ba <30 73 <20
La 0.12 0.12 0.11
Ce <0.7 0.354 0.35
Nd 0.486 0.47
Sm 0.498 0.40 0.43
Eu 0.25 0.199 0.18
Gd 0.845 0.86
Tb 0.25 0.181 0.19
 DY 1.6 1.32 1.35
Ho 0.44 0.304 0.30
Tm 0.17
Yb 1.05 0.81 0.79
Lu 0.164 0.125 0.12
Hf 0.49 0.38 0.39
Ir ppb <5 2.5 <4
Au 1.5 2.1 <1
 Th <100 12 12
U <20 90 50
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                                           distinct high-pressure assemblages representing three
Introduction: 
   Several  [1] large shock events on the SNC parent 
body (Mars) induced a variety of deformational 
features [2, 3] and a series of high-pressure phase 
transitions ow preserved in Martian meteorites  [4-
10]. It appears that some of these ffects may help to 
constrain the pressure/temperature history of the 
shocked shergottites. Among the abundant 
characteristics of shergottites i  the occurrence 
maskelynite, a glass of plagioclase composition 
whose origin is discrepantly interpreted  [2,  3; 11-16]. 
Some reports [2, 14 -16], leaning on results of shock 
experiments on plagioclase single grains, use 
exclusively the refractive indices  (R.I.) of 
maskelynite asan "absolute indicator" for estimation 
of peak-shock pressures. We will demonstrate that 
this procedure is not reliable due to the 
misidentification of the formational process of 
maskelynite and other crucial uncertainties ncluding 
the behavior of maskelynite in the multiphase rocks 
at peak shock pressures > than 24 GPa  [17], post-
shock temperatures and duration of post-shock heat 
dissipation. A large number of high-pressure 
polymorphs formed by shock-induced solid-state 
phase transformation were recently recognized in
shocked shergottites [4-8]. These include two new 
post-stishovite silica polymorphs, hollandite-
structured plagioclase and K-feldspar compositions, 
liquidus stishovite, akimotoite, amorphized 
perovskite and ferro-magnesian silicate titanite. All 
these dense phases, except the post-stishovite 
polymorphs of silica, were exclusively encountered 
in shock-melt veins. The assemblage in shock-melt 
veins recorded pressures between 10 and 23 GPa at 
2300°C as evidenced from the absence of the Ca-
ferrite structured  NaAlSiO4 [6-8]. The post-stishovite 
polymorphs occur in an entirely different setting in 
association with maskelynite. The pressure of 
equilibrium phase transition ofcristobalite oa-Pb02 
post-stishovite polymorph was experimentally 
determined to be  >  40 GPa [18, 19]. This result bears 
direct implications tothe conditions during the phase 
transformation of the parental tridymite or 
cristobalite in Shergotty and other SNC meteorites 
 [13]. It is evident hat the different high-pressure 
assemblages recorded P-T conditions at different 
stages of the compression a d decompression. We
have in detail screened several shergottites for 
various settings of high-pressure assemblages in 
order to constrain the pressure-temperature history 
during the shock events. 
Results and Implications: 
  There are three different settings containing three
various, presumably successive high-pressure stages 
in the evolution history: (1) Post-stishovite-
maskelynite assemblage, (2) Shock-melt veins (see 
above) and (3) Shock-melt pockets. The last setting 
was not investigated before. Chen and El Goresy [13] 
previously presented ample evidence, that 
maskelynite in many SNC meteorites is a dense glass 
quenched from shock-induced dense melt at high 
pressures, and is not diaplectic plagioclase glass as 
claimed by [2, 14-16]. Detailed investigations of this 
assemblage in Shergotty indicates that maskelynite 
contains abundant fragments  (<  2  1„tm) of intact post-
stishovite silica that displays drag and twisting at 
their edges evidencing floating and flow in a dense 
maskelynite (Msk) melt (Fig. 1, arrows). This is 
ample evidence that the maskelynite liquid was 
acting as a pressure medium, and that he pressure at 
which the  a-Pb02 polymorphs ofsilica formed is the 
equilibrium pressure. The pressure estimated for this 
assemblage is much higher than that determined for 
the assemblage in shock melt veins  (>  40 GPa versus 
< 10 to 23 GPa) [6-8]. The density difference 
between tridymite and labradorite (p  tridymite =2.27 
gm/cm3, p labradorite =2.75 gm/cm3) is small to 
cause large difference in shock impedance and 
induce 52.8 % densification of tridymite and 
inversion to the  a-Pb02 post-stishovite polymorphs. 
In contrast, shock-melt veins adjacent to 
clinopyroxene do not contain post-stishovite silica 
polymorphs but  idiomorphic stishovite needels, 
despite the higher difference in shock impedance (p
Cpx =3.2 gm/cm3). Dense phases e.g. hollandite, 
indicative of higher pressure (<23 GPa) occur in the 
center of the veins while pyroxenes observed at the 
vein margins may have formed at P< 10 GPa [8]. We 
conclude that the estimated equilibrium pressure of 
the post-stishovite-maskelynite assemblage (> 40 
GPa) is the peak shock-pressure. The dense 
assemblage in the veins and the spatial distribution f 
the various phases strongly suggests formation 
during the decompression stage [8]. 
Shock melt pockets have dimensions ranging 
between 50 and 150  um. We observe two types of 
melt pockets: a. Pockets depicting partial melting, 
and b. Pockets with complete melting. The first 
category shows high abundance of pyrrhotite, which 
occurs in part as spherules in a flow texture, thus 
indicating partial melting (Fig. 2). The pockets also 
contain large (up to 15  Rrn in diameter) anhedral 
fragments of stishovite, with no sign of a tweed 
pattern, along with hollandite-structured labradorite 
composition and the fine-grained assemblage 
stishovite +  CaAl4Si2011 (CAS) [20, 9; 10] (Fig. 2,
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arrows). Abundance of silica in these melt pockets is 
high (> 8 % by volume) relative to its abundance in 
the bulk Shergotty (<  1% by volume). This strongly 
suggests that the melt pockets formed preferentially 
by high-pressure melting of mesostasis, which 
contains high abundance of pyrrhotite and silica. The 
second category melt pocket has maskelynite bulk 
composition and consists of an intergrowth of 
idiomorphic CAS equant crystals overgrown by 
acicular stishovite  [10] that crystallized from the 
liquid at high pressures. This new CAS + stishovite 
assemblage is found in 6 shergottites so far [9, 10]. 
The presence of the assemblage CAS phase + 
stishovite and hollandite-structured plagioclase 
tightly constrains the pressure range for 
crystallization of the type a melt pockets. The CAS 
phase + stishovite pair presumably formed through 
dissociation of Ca-rich plagioclase above 16 GPa 
[20]. Above 22.5 GPa the hollandite structure 
dissociates to stishovite + Ca ferrite structured 
 NaAlSiO4 [21, 22]. Consequently, the presence of the 
hollandite-structured phase sets this pressure as the 
upper pressure bound for melt pocket solidification. 
The high degree of crystallinity of the stishovite 
grains in type a melt pockets is evidenced from the 
sharp characteristic Raman bands at  227cm', 
 585cm',  750cm' and  1120cm-1 respectively. The 
absence of the tweed pattern and of dense silica glass 
in the stishovite grains indicates that stishovite did 
not form by back transformation of a post-stishovite 
polymorph. The melt pockets, which record a 
crystallization pressure 20 to 25 GPa lower than that 
inferred for the phase transition from tridymite to 
post-stishovite structures, very probably represent 
also crystallization during decompression. 
 The three settings of high-pressure assemblages 
cover different stages of the high-pressure regime 
from the peak-shock pressure  (a-Pb02 silica 
polymorphs + maskelynite) to the decompression 
stage (shock-malt veins and shock-melt pockets). 
While formation of shock-melt veins was probably 
triggered by local shear heating due to friction along 
cracks caused by deviatoric stress [8], the formation 
mechanism of the shock-malt pockets is unclear, 
however their formation belongs to the events that 
took place at lower P-T conditions (no perovskite) 
than those of the veins also during decompression. 
We also do not see any evidence of spatial pressure 
variations in the pockets evidencing a decrease from 
center to margins as observed in veins [8]. Our P-T 
evolution scheme that is supported by reliable 
estimates based on robust experimentally determined 
phase transitions are in contrast to the 28.4 ± 1.7 GPa 
deduced from measurements of R.I. of maskelynite 
by [2, 14-16]. We caution that R.I. of maskelynite 
indicates only its degree of densification (or 
relaxation) after solidification and decompression but 
gives no clues to its formational process and the 
peak-shock pressures.
Figure 1
Figure 2. A melt pocket embedded in maskelynite 
in Shergotty
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Background and introduction: 
   Amoeboid olivine aggregates  (AOAs) consist 
dominantly of olivine, Al-diopside, anorthite and 
spinel; this mineral assemblage combined with the 
absence of classical igneous texture suggest that 
 AOAs may have formed by gas-solid reactions at 
temperatures slightly below the formation 
temperatures of most Ca-Al-inclusions  (CAIs) [1,2]. 
Alteration of primary minerals in  AOAs varies 
extensively and has been attributed to low-
temperature actions with nebular gas  [1] and parent 
body alteration  [2-4]  . In this study, we present 
evidence that  AOAs from the reduced CV3 
Efremovka were altered in the presence of an 
aqueous fluid—most likely in the parent body 
setting. 
Analytical methods: 
 AOAs 23 and 55 were identified in a polished 
thin section of Efremovka (E36, on loan from J. 
Goswami, Physical Research Lab., Navrangpura, 
Ahmedabad, India). Mineralogy and textures of the 
 AOAs were examined using standard petrographic 
methods and a JEOL  JSM-5310LV secondary 
electron microscope (SEM). Mineral compositions 
were determined by EDS using an Oxford LINK-
ISIS detector attached to the SEM, and by WDS 
using a JEOL JXA-8800 electron microprobe. In 
situ oxygen isotopic compositions were analyzed by 
SIMS using the Titech Cameca 1270 ion microprobe 
under conditions described previously [5]. It is 
significant for this study that intensities of  '60H were 
recorded as well as 160, 170 and  180. In addition, 
the 160 tail was analyzed. Analyses were conducted 
using a mass resolution power of  –6000, sufficient o 
 identify  160H and  170. Instrumental mass 
fractionation was corrected using SPU spinel, spot 
sizes ranged from –3 to 7  j_im in diameter, and results 
are typically accurate within  ±5%0  (±26).
 AOAs 23 and 55: Mineralogy and textures 
 AOAs 23 and 55 are composed of two main 
components: forsteritic olivine and a refractory 
component consisting of Al-diopside, anorthite and 
spinel (Fig. 1 A-D; see [2]). Olivine occurs as fine 
 (-2 to  101-1M across) equant, anhedral grains. The 
refractory component is finer-grained and occurs 
typically with Al-diopside separating olivine from 
the anorthite and spinel. Metal occurs in minor 
abundance in both  AOAs. The  AOAs have jagged 
external surfaces, typical of objects that have 
undergone minimal, if any, melting.
   Olivine throughout AOA-23 and in the core of 
AOA-55 is surrounded by  Fe0-rich olivine (cores of 
Fo>96, rims at least as  Fe0-rich as  Fo89; Fig  1B,D). 
The mantle of AOA-55 appears to be more compact 
than the core of the AOA, and is characterized by a 
high ratio of refractory component:olivine.  Fe0- 
rich rims on olivine were not identified in the mantle 
 of  AOA-55.
OH-rich domains in olivine: 
   Elevated valuesof  160H were detected uring 
SIMS analyses of some olivine. One OH-rich 
domain was identified in a  Fe0-rich olivine rim in 
AOA-23. During analysis of this olivine, the  160H-
intensity jumped by an order of magnitude (Fig.  1E). 
A duplicate analysis collected immediately afterward 
showed similar high intensities  for  160H. Amore 
gradual increase in 160H-intensity throughout a 
SIMS analysis was identified in the rim portion of a 
forsteritic olivine from the mantle  of  AOA-55.
0-isotopic data: 
   Most of the olivine from  AOAs 23 and 55 is 
 '60-rich, with  517'180 near the  -40%o range 
associated with many  CAIs (Fig.  1F). These results 
suggest hat  AOAs and  CAIs may have originated 
from the same  160-rich reservoir [6,7]. Olivine 
analyses that are depleted in 160 are from rim 
domains with elevated  FeO, OH, or both (Fig.  1F). 
Alteration of the  AOAs: 
   All of the  160-depleted analyses show 
independent evidence for alteration: they are  Fe0- 
bearing, hydrous, or both. They are all from olivine 
rims. This association of  160-depletion with altered 
domains indicates that isotopic alteration of the 
 AOAs was mediated by an aqueous,  Fe0-bearing 
substance. These observations are best 
explained as a result of alteration by an aqueous fluid 
in a parent body setting. 
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Figure 1. (A,B) Back-scattered lectron images (BSE)  of  AOA-23. Dark gray is 
olivine, lighter gray consists of refractory component, white grains are Fe,Ni-metal. 
Boxed area shown in detail in (B). SIMS craters indicated by arrows. Double-arrow 
points to analysis with  elevated"OH. (C,D) Images  of  AOA-55. (C) is a BSE image 
with minerals corresponding with grayscale as in (A). Boxed area shown in detail in (D), 
which is a composite BSE/secondary electron image. Arrows highlight craters puttered 
during SIMS analyses and double-arrow points to analysis with  elevated" OH. (E) Jump 
in OH detected uring SIMS sputtering of  FeO-bearing olivine from AOA-23. Note log-
scale. (F) Oxygen isotopic ompositions ofolivine analyzed by SIMS  in  A0As-23 and 
-55. Abbreviations: an = anorthite; cpx  =Al-diopside; fo = forsterite; sp = spinel.
-24-
EFFECT OF FRACTIONAL CRYSTALLIZATION ON  825MG OF EVAPORATION 
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    Introduction. The chemical and isotopic 
evolution of  CaO-MgO-A1203-Si02 (CMAS) liquids 
during simultaneous crystallization a d evaporation 
was studied theoretically in pure H2 in  [1] and in a 
closed system of solar composition i  [2]. It was 
shown in [2] that he fraction of Mg evaporated that is 
calculated from the bulk isotopic omposition of a 
residue using the Rayleigh equation may be an 
underestimate b cause of preservation f relatively 
unfractionated Mg due to fractional crystallization. I  
this work, the effects of ambient total pressure and 
cooling rate on the deviation of the model bulk 
isotopic omposition from that calculated from the 
Rayleigh equation are explored. 
   Method. A CMAS liquid droplet of a given 
initial composition is assumed to be immersed in 
modified solar gas, which is a solar gas except for the 
amounts of elements and isotopes in the droplet. The 
activity-composition model of [3] is used to calculate 
vapor pressures ofall species over CMAS liquids in 
modified solar gas at any temperature and ambient 
total pressure, as in [4]. Mg and SiO are found to be 
the dominant evaporating species, and the vapor 
pressure ofeach Mg isotope is calculated assuming no 
equilibrium isotopic fractionation between liquid and 
vapor. The evaporation flux, J, of each chemical nd 
isotopic species, i, is related to its vapor pressure,  Pap, 
through the Hertz-Knudsen quation, 
 (pvap  _    J
, =  
 V27an,RT 
where a,  Pamb and m are the evaporation coefficient 
obtained from  [I], the ambient pressure and molecular 
weight, respectively. Changes in chemical and 
isotopic omposition of the droplet are accompanied 
by complementary changes in the surrounding gas. 
   The activity model [3] is also used to calculate 
the equilibrium amounts and compositions of spinel, 
melilite and liquid at any temperature. The Mg 
evaporation rate from solids is assumed to be 
negligible compared tothat from the liquid. All spinel 
equilibrates with the liquid except for a portion, 
calculated from the volume fraction of melilite, which 
is assumed to become trapped inside crystallizing 
melilite. We assume that 600 equal-sized, spherical 
melilite crystals form in the droplet. All melilite and 
the  spinel trapped within it is assumed to be 
chemically and isotopically isolated from the liquid 
except for a fraction within a distance  x=(Divigt)" of
the melilite crystal surfaces, where  DMg is the 
diffusion coefficient of Mg as a function of 
akermanite content and temperature taken from [5], 
and t is the time step size. Allowance is made for the 
fraction of the surface area of the droplet occupied by
crystals, assumed equal to their volume fraction. This 
decreases the surface area available for evaporation, 
reducing evaporation rates. All liquid remaining at the 
solidus, 1500 K, is assumed to crystallize as 
clinopyroxene and anorthite. A high-temperature solid 
condensate assemblage of composition  8 (CMAS 
=24.4, 15.1, 30.8, 29.8 wt%) is heated instantaneously 
to 1680 K, where it partially melts into a droplet of 
0.25 cm radius and cools to 1500 K at a given rate. For 
each cooling rate, a time step is selected  — the time 
required to cool by 1 K. At each time step, the 
chemical composition and temperature are used to 
calculate the amounts and compositions of melilite, 
spinel and liquid, the densities of all phases, the 
droplet radius and the fraction of the droplet surface 
area occupied by crystals. Then, the amounts of 
elements and isotopes evaporated are calculated from 
their fluxes and the droplet radius. These are 
subtracted from the amounts present in the droplet to 
obtain the liquid composition and added to the 
amounts present in the gas to obtain the gas 
composition, both for the next time step. Crystallizing 
melilite and spinel have the same isotopic 
composition as the liquid. The chemical and isotopic 
compositions of the isolated melilite and spinel, "the 
sequestered assemblage", produced at each time step 
are cumulatively summed. The chemical composition 
of the combined liquid + equilibrated phases, "the 
equilibrating system", are used to calculate the phase 
assemblage for the next time step. 
    Results. In the first case,  Pti2=le-3 bar in the 
ambient, modified solar gas. Relict spinel occurs at 
1680 K and, as the droplet cools at 5  K/hr, the liquid 
gradually evaporates, more spinel crystallizes and 
melilite starts crystallizing at 1673 K. By 1500 K, 
36.8 % of the total Mg has evaporated, melilite 
(virtually all of which is sequestered) accounts for 
10 % of the initial Mg, equilibrated spinel 21 %, 
trapped spinel 16 %, and the remaining liquid 16 %. 
As Mg evaporation proceeds,  825Mg of the 
equilibrating system becomes progressively higher, 
reaching 10.7 %o by 1500 K. Because the sequestered 
assemblage preserves the isotopic composition of the 
liquid at each time step, its  825Mg increases more 
slowly with falling temperature, reaching 6.9 %o by 
1500 K.  S25Mg of the final, bulk residue, 9.08 °/00, is
the weighted average of those of the sequestered 
assemblage and the equilibrating system which 
finishes crystallizing at 1500 K (Fig.  I  a). Note that 
simple substitution of the fraction of 24Mg remaining 
into the Rayleigh equation, using the inverse square 
root of the masses as the gas/liquid fractionation 
factor, yields bulk  825Mg = 9.31 1)/00, a value 0.23  %o 
higher than the model result. Rayleigh distillation
—25—
assumes that he entire residue undergoes a uniform 
degree ofevaporation. Thus, the above deviation is 
due to preservation in the residue of early crystals 
whose Mg is not as isotopically fractionated as that in 
late crystals that equilibrate with the most highly 
evaporated liquid. 
   At lower cooling rates, more Mg evaporates by 
1500 K. Thus, in an identical calculation at 2  IC/hr, 
56.2 % of the Mg evaporates by the time the solidus 
temperature is r ached. In this case, the fraction ofthe 
initial Mg in the sequestered assemblage and in the 
equilibrating system are 32.2 % and 11.6 %, resp. (vs. 
26.6 % and 36.6 % at 5  IC/hr). Relative tothe residual 
Mg, however, 73% is in the sequestered assemblage 
 at  2 K/hr (Fig.  lb)  and only 42.1  %  at  5  IC/hr.  At  2  K/hr, 
 825Mg ofthe sequestered assemblage ris s to 12.4 %o 
by 1500 K.  825Mg of the equilibrating system 
increases sharply from 1680 K to 1537 K where it
reaches a maximum at 22.6 %o and then falls slightly 
due to partial exchange with the light isotope-enriched 
gas. As a result,  825Mg of the bulk residue reaches 
15.1  %o at about  1580  Kand levels off. Substitution of 
the fraction of 24Mg remaining into the Rayleigh 
equation yields bulk  825Mg = 16.8 %o, adifference of 
+1.7 °/00 from the model result. This difference is 
considerably larger than the difference at 5  K/hr. 
   The model bulk  825Mg has been shown to deviate 
from that calculated from the Rayleigh equation bya 
greater amount a lower cooling rate. This is because 
decreasing the cooling rate increases the amount of
Mg evaporation. As can be seen by comparing Fi s. 
 la and lb, the greater the degree ofevaporation, the
greater is the proportion of the residual Mg 
sequestered in grains which preserve isotopic 
compositions f relatively early, partially evaporated 
liquids. In Fig. 2a,  825Mg is plotted against the 
fraction of the total Mg evaporated for a series of 
model computations at different cooling rates but 
otherwise identical tothose above, and compared to 
the Rayleigh fractionation curve for reference. The 
progressive departure of the model computations from 
the Rayleigh curve with decreasing cooling rate is 
clear. The degree of Mg evaporation also increases 
with increasing PH2 at constant cooling rate. The 
results ofa series of model calculations, identical to
those above but at 3  K/hr and different values of PH2, 
are shown in Fig. 2b. The model calculations depart 
progressively from the reference Rayleigh curve with 
increasing PH2. Note that he departure of the model 
calculation from the Rayleigh curve is especially high 
at the highest PH2, 8.3e-3 bar. In these models, high 
total nebular p essure is the cause of high PH2 and high 
partial pressures of all other ambient species, 
including  Pmganth. High PH2 increases  JMg, causing 
 Pmrb in this closed system calculation to build up. At 
PH2=8.3e-3 bar,  Pmrb becomes qual to  Pmg"P above 
1500 K. This, in turn, causes recondensation of Mg 
from the relatively light isotope-enriched gas, which 
has a larger effect on  825Mg than on the  MgO content 
of the bulk residue.
   Because fractional crystallization probably 
occurred during evaporation of refractory inclusion 
melts  [1], substitution of an inclusion's bulk  825Mg 
into the Rayleigh equation will result in 
underestimation of the fraction of Mg evaporated by 
an amount which increases with decreasing cooling 
rate and increasing PH2. 
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1. Introduction 
  Every meteorite xperienced severe shocks 
generated the ultra-hyper velocity when the 
parent bodies were crushed by collision with 
other asteroids. These shock evidences were 
recognized in the meteorites as formation of 
glass, recrystallization, dislocation and 
fracturing of minerals. However, it is 
uncertain that natural remanent magnetization 
(NRM) of meteorites can be survived 
throughout he shocks. Pohl et al. (1975) 
reported shock remanent magnetization (SRM) 
in the shock levels of 0.25-1.0 GPa using 
terrestrial basalt. The SRM is proportional to 
the intensity of the applied field and increases 
with the peak stress applied. Any 
dependence of SRM on the direction of the 
applied magnetic field could not be recognized 
within the accuracy limits of experiments. 
However, Cisowski and Fuller (1978) reported 
the acquisition of SRM to the ambient field 
direction up to 1.0 GPa in addition to the 
preexisting remanence. Dickinson and 
Wasilewski (2000) reported the magnetization 
acquired by shocks due to transformation from 
antiferromagnetic to ferromagnetic Fe 
precipitated in Cu. The magnetization is the 
same direction as the ambient magnetic field 
present during the shock, while it deflected 
from the field direction by 30-45 degrees that 
is preferentially activated (111) slip planes. 
Thus, the SRM direction is not clear for the 
relation to the ambient magnetic field. This
study was carried out to clarify characteristics 
of SRM up to 20 GPa which is converted to S2 
to S3 shock levels.
2. experiments 
  Magnetic cupper-cobalt samples of 1 cm 
diameter and length were demagnetized up to 
1000 mT and were set in a single-stage 
propellant gun with nonmagnetic sample 
holders. The shocks (S) 5, 10 and 20 GPa 
were loaded to the samples by nonmagnetic 
flyers. The magnetic field (h) at the shock 
loading site was controlled to almost h=0 
(0.0077) mT by  p.-metal pipe,  h=0.1 mT//S by 
the :-metal and solenoid coil and h=0.156 mT 
IS by a set of Helmholtz coils. 
  The NRM intensities 1.388  x10-2 to 1.686 
 x10-3 Am2/kg of the samples #1 to #9 were 
demagnetized from  1.614  x10-3 to  2.021  x104 
Am2/kg by the AF demagnetization t  100 mT, 
showing smooth demagnetization curves. 
The magnetization after shocks increased 
remarkably from  1.350  x10-3 to  1.380  x10-2 
Am2/kg by shocks S=5, 10 and 20 GPa, even 
though the ambient magnetic field was  h=0 mT. 
Therefore, the samples acquired SRM of 2.15 
to 21.32 times stronger than the magnetization 
before shocks. The stronger SRM intensities 
were acquired by the stronger shocks in the 
field  h//S, but they were random in the other 
fields. The directions of magnetization after 
AF demagnetization t  100 mT were scattered 
widely, throughout high to low inclination. The
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directions of SRM were distributed in the 
lower inclination than 20.9° with the variable 
declinations, but no relation appeared to the 
remanence directions before shocks. The 
SRM directions acquired in h  1 S seem to be 
reflected to the direction of ambient field, but 
no relation appeared for the other field. 
  When the samples were cut into 8 
subsamples, the SRM intensities increased to 
one or two orders compared with before 
cutting. In general, stronger intensities 
appeared by 20 GPa, but no relations were 
confirmed to the field intensities. The SRM 
directions of subsamples were scattered widely 
from the middle to low inclinations without 
any relations to that of samples before cutting, 
although they were slightly reflected to that 
of samples before cutting for h  1 S=20 GPa. 
AF demagnetization curves of divided samples 
shocked 5 GPa in h=0 were shown in Fig. 1. 
The demagnetization acts to the direction that 
shifts toward the perpendicular against the 
shock.
3. Discussion 
  The SRM was acquired to the demagnetized 
samples not only in the magnetic field but also 
in the nonmagnetic field, although field 
dependence of the SRM was not clear in many 
cases. These results were not consistent with 
those of previous researchers, but it can be 
explained due to difference of the 
demagnetized or magnetized state of the 
samples in addition to the shock levels. 
Based on the characteristics of scattered and 
flattened directions of SRM, the NRM origin 
of meteorites may be evaluated by directional 
change of AF demagnetization curves; the 
scattered direction of remanence after AF 
demagnetization indicates the SRM origin, 
while the clustered one is the original NRM. 
 The NRM of almost all ordinary chondrites 
is not indicators of the magnetic field in the
parent body, because the many meteorites have 
evidences of shocks stronger than 5 GPa which 
is classified to weak shock  Si.
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Fig. 1 AF demagnetization curves 
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Introduction 
   Among Martian meteorites basaltic shergottites 
are the most abundant. They represent pyroxene-rich 
basalts that formed in near-surface dykes, shallow 
intrusions or larger lava flows [e.g.,  1] and provide 
insights into igneous processes onMars. 
   All Martian meteorites havebeen ejected from 
the planet's urface by large-scale impacts. It has 
been shown that all Martian meteorites are 
moderately to strongly shock metamorphosed by 
shock pressures ofabout 14 to 45 GPa [e.g., 2]. The 
understanding of the type and intensity of shock 
metamorphism of Martian meteorites is essential for 
the interpretation of the ejection and possible impact-
induced relocation processes. 
   Here we report first results of our studies of the 
new Martian meteorite Yamato 980459. 
Petrography and Mineralogy 
   Yamato 980459 shows an olivine-porphyric 
texture with euhedral to hypidiomorphic olivine 
crystals or clusters of crystals et into a more fine-
grained groundmass of mostly euhedral prismatic 
pyroxene and interstitial quenched residual melt. 
   Olivine shows a bi-modal grain size distribution 
with most grains ranging between 30 and 350  gm 
and fewer larger grains of 600 to 1150  gm. Pyroxene 
ranges from 44-300  p.M with a mean diameter of 125 
 gm. Olivine and pyroxene crystals often  clumb 
together forming a glomerophyric texture. Olivine 
frequently shows corroded forms with embayed grain 
boundaries indicating partial resorption by the 
residual melt. Rarely pyroxene overgrows olivine. 
The large olivine crystals are magmatically zoned 
and show where in contact with the quenched 
material  characteristic Fe-rich rim. This overgrowth 
is discontinued at crystal faces where the olivine is in 
contact with chromite or pyroxene. Pyroxene is also 
zoned from an orthopyroxene core to a pigeonite 
layer and an augitic rim. Similar to olivine, the rim is 
discontinued when detached toa neighboring crystal. 
   Image analysis also reveals a strongshape-
preferred orientation f pyroxene and of olivine. 
   Olivine frequently contains chromite and melt 
inclusions as well as injections of residual melt into 
fractures. Glassy melt inclusions show characteristic 
Fe-rich rims at the contact o their host crystal. 
Pyroxene also contains chromite and, much less 
abundant, melt inclusions. 
   Minor phases in Y980459 include more Fe-rich 
matrix olivine  (Fa56.5), sulfides, and chromite. 
Sulfides dominantly occur in the quenched residual 
material forming small spherules and only rarely in 
olivine. Neither phosphates nor ilmenite nor Ti-Mg-
rich chromites, all commonly observed in basaltic 
shergottites, have been found in the sections studied.
   By image analysis the modal composition of the 
rock was determined (in vol%): 15.7% olivine, 
24.7% clinopyroxene, 27.9% orthopyroxene, 30.9% 
residual glassy material with dendrites, 0.5% 
chromite, 0.3% sulfide, and  0.1% melt inclusions. 
   In sharp contrast all other Martian meteorites 
found so far, Yamato 980459 does not contain any 
plagioclase or maskelynite, respectively. Instead, the 
interstitials between olivine and pyroxene are filled 
with a quenched residual material consisting of 
dendritic feathery olivine, chain-like augite, and 
small sulfide droplets embedded in a structureless 
glassy groundmass. Back scattered electron images 
show that in some areas olivine is the dominating 
crystalline phase while in others pyroxene is more 
abundant. Dendrites and chains are found to nucleate 
preferentially on olivine or pyroxene crystal faces or 
even on sulfide droplets. Glassy areas without any 
precipitates are present but rare. The residual 
material exhibits both sharp as well as irregular 
boundaries to the larger grains indicating incomplete 
crystallization at the time of quenching. 
   Image analysis of the interstitial areas gives the 
following modal composition (vol%): 12.1% olivine, 
 22.1% augite, 65% glassy material, and 0.9%sulfide. 
   Using the mean composition of the glassy 
groundmass, the phases to crystallize from this melt 
under dry conditions were calculated applying CIPW 
norm. According to this, the mineral mode of Yamato 
980459 after complete crystallization would be (in 
vol%): 19.4% olivine, 31.8% clinopyroxene, 31.6% 
orthopyroxene, 12.6 plagioclase, 2.7  SiO2-phases, 
0.5% apatite, 0.5% chromite, 0.3% sulfide, 0.3% 
ilmenite,  0.1% K-feldspar and  0.1% melt inclusions. 
   This corrected modal compositionnow allows 
the classification of Yamato 980459 as a very 
orthopyroxene-rich melanocratic olivine gabbro. 
Mineral composition and bulk chemistry 
   In Yamato 980459, threechemically distinct 
types of olivine can be distinguished: large olivine 
megacrysts which are chemically zoned from a Mg-
rich core (Fam1to aFe-richrim(Fam          in16,tFax673), smaller 
more Fe-rich matrix olivines  (Fa56.5) which are 
chemically unzoned, and olivine dendrites in the 
quenched residual material which are with  Fa71.5 the 
most Fe-rich olivines in the meteorite. In the large 
zoned olivines  MnO is correlated with  FeO and is 
zoned from 0.4 in the core to 0.9 wt% in the rim. 
   A microprobe traverse across the olivine-melt 
boundary shows that the  FeO- and  MnO-
concentrations in the glass increases with increasing 
distance from the olivine indicating a strong 
disequilibrium between olivine and residual melt. 
   According to [3], a melt of aboutthe bulk 
composition of Yamato 980459 would be in
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equilibrium with olivine of  Fo_86. It is, thus, likely 
that he large olivines  (Fomax84) are phenocrysts. 
   Pyroxenes show a strong and often irregular 
chemical zoning from a Mg-rich orthopyroxene core 
 (Fsminis) to a pigeonite layer  (Fs22-38Wos_18) and 
finally to a thin augitic rim  (Fs23_37Woma,35)• In 
contrast to all other Martian meteorites, the Al-
concentration i  the Ca-rich pyroxene rims of 
Yamato 980459 does not decrease but increases toup 
to 8.5 wt%  A1203, indicating that rapid cooling of the 
rock inhibited formation ofplagioclase. 
   The onset of pigeonite at a molar  Fe/(Fe+Mg)- 
ratio of 0.24 (range 0.24-0.45) and of augite at 0.32 
(range 0.32-0.56) does not overlap with the most Fe-
rich orthopyroxene compositions. Orthopyroxene 
starts at 0.19 (range 0.19-0.23) which is close to 
lowest value of 0.16 measured in an olivine core. 
   Chain-like pyroxene in the residualmaterial is 
exclusively augite and with  Fs_44Wo_28 generally 
more Fe-rich than the augitic rims of matrix 
pyroxene. The high Al-content (-8 wt%  A1203) is 
similar to augitic rims of matrix pyroxenes. 
   Chemically unzoned chromite with  Ti02- 
concentrations <0.4 wt% is the only spinel in Yamato 
980459. Sulfides are pyrrhotites with up to 2 wt% Ni. 
   Analyses of the residual material show almost 
identical compositions for areas with more olivine 
dendrites and for regions with more abundant 
pyroxenes indicating a primarily homogeneous bulk 
composition f the melt. While this bulk composition 
plots in the field of basaltic rocks, the glassy material 
alone is more andesitic. 
    Based onmicroprobe analyses and the modal 
composition an attempt was made to calculate the 
bulk composition of Yamato 980459. The values 
obtained are (in wt%): 49.4  SiO2, 0.48  TiO2, 6.0 
 A1203, 0.71  Cr2O3, 15.8  FeO, 0.43 MnO, 18.1  MgO, 
0.03 NiO, 7.2 CaO, 0.8  Na2O, 0.02  K2O, 0.31  P2O5, 
and 0.07 S. The molar Mg/(Fe+Mg) is 0.67, the 
Fe/Mn-ratio 37, and the  Na/Al-ratio 0.19, all values 
which are well in the range of other shergottites  [1].
Cooling history 
    Crystallization experiments how that the 
polyhedral o ivines in Yamato 980459 grew under a 
steady-state regime at cooling rates of 0.5 to maximal 
2 °C/h [4]. Quenching occurred at least at a rate of 
1450 °C/h allowing the crystallization f feathery 
dendrites. The presence of baby swallowtail olivine 
points to even higher cooling rates of 1890 °C/h at a 
degree of undercooling  of -AT = 68 °C [4, 5]. 
For pyroxenes of Yamato 980459 the crystal size 
distribution plot is generally linear over most grain 
sizes, implying that pyroxene crystallized dominantly 
under steady-state conditions of continuous 
nucleation and growths. A pronounced turnover at 
the smallest grain sizes suggests a period of 
crystallization where nucleation is discontinued but 
the growth of previously formed pyroxene crystals 
continued [6]. Deviation from linearity at the largest 
grain sizes can be attributed to the rapid cooling
inhibiting the crystallization  f larger pyroxenes. 
   The following crystallizationscenario might be 
suggested: (1) formation of chromite followed by 
Mg-rich olivine at near equilibrium conditions, (2) 
crystallization of Mg-rich pyroxene cores from a 
slightly more Fe-rich melt also at depth under steady-
state conditions, (3) during ascent, nucleation 
stopped and previously formed pyroxene and olivine 
cores were overgrown by more Ca-rich pigeonite and 
more Fe-rich olivine, respectively, (4) formation of 
Fe-rich matrix olivine, [5] at increasing cooling rates 
inducing high disequilibrium conditions the Fe-rich 
olivine rims and Ca,Al-rich pyroxene mantles grow, 
[6] finally, the magma was rapidly erupted causing 
abrupt discontinuation of crystallization a d entirely 
inhibiting the formation of plagioclase and 
phosphates. Dendritic olivine, pyroxene chains, and 
sulfide droplets represent he last phases to 
precipitate from the melt. Crystallization f several 
late stage precipitates, i.e. Fe-rich olivine and  Ca,A1- 
rich pyroxene did not go to completion. 
Shock metamorphism 
   Yamato 980458 is an unbrecciated rock 
displaying solid-state shock effects in the silicate 
phases but no signs of shock related melting. 
Both olivine megacrysts and smaller matrix olivines 
show multiple sets of crossing planar and irregular 
fractures as well as very strong undulatory extinction 
at a mean of about 14°. Several crystals already 
display a weak mosaicism. Plotting the degree of 
undulatory extinction vs. the peak shock pressure the 
14° variation corresponds to a pressure of 25 GPa. 
Some injections of residual melt in fractures are 
displaced indicating that shearing played a role 
during shock metamorphism and clearly postdates 
the injection of the material. First TEM studies reveal 
the presence of dislocations and also of 
microfractures not visible in the optical microscope. 
   Pyroxenes are characterized by a high density of 
irregular fractures with commonly one set of 
fractures perpendicular to the prism. Pigeonite and 
augite also show intense polysynthetic mechanical 
twinning subparallel (001). Several of the twin 
lamellae are slightly curved while most exhibit 
straight boundaries. Similar to olivine the pyroxene 
crystals display strong undulatory extinction (mean = 
13.3° corresponding to 24 GPa) and weak 
mosaicism. According to TEM investigations, ortho-
/clino-enstatite intergrowths are often present. 
In conclusion an equilibrium peak shock pressure of
20-25 GPa can be assigned toYamato 980459. 
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     The matrix of Allende and other CV3 
chondrites is composed largely of single 
crystals of olivine which are  —10 x  1  [i in size 
 [1], have  XFa-0.5 [2], and which have been 
interpreted as direct condensates from the 
solar nebula [3]. A solar gas is very reducing, 
however. Equilibrium thermodynamic 
calculations how that a metallic NiFe alloy 
condenses from a solar gas at 1450-1250K at 
reasonable nebular pressures, causing the 
co-condensing olivine to be pure forsterite. 
Significant amounts of oxidized iron become 
stable only below 600K in the form of 
fayalite, whose mole fraction in olivine 
gradually increases with decreasing 
temperature [4]. Thus, in order for the  Fe2+ 
to condense at equilibrium, it must diffuse 
into the interiors of previously condensed 
forsterite grains at relatively low 
temperatures. Fe-Mg interdiffusion rates in 
olivine are so low that a  1  µ grain could only 
equilibrate within  104 yr at T>830K. At 
these temperatures, however, the equilibrium 
 XFa<0.005 [ ]. 
     Nebular regions enriched in 
vaporized interstellar dust are more 
oxidizing than a gas of solar composition. A 
system enriched in dust of  C  1  chondrite 
composition by a factor of 75, for example, 
relative to solar composition has an atomic 
0/H  —42x greater than a solar gas. Such a 
composition was shown in [5] to be 
sufficiently oxidizing that XFa reaches 0.26 at 
temperatures where  11.t grains equilibrate on 
reasonable nebular time-scales. Because the 
curve of XFa  vs temperature l vels off at this 
point, even smaller olivine grains which can 
equilibrate at lower temperature will have 
XFa  5_ 0.28. Thus, although the XFa typical of 
olivine in ordinary chondrites can be 
produced in such a region, the much higher 
XFa of Allende matrix olivine cannot. 
Although increasing the degree of dust 
enrichment will increase the oxygen  fugacity, 
there are two reasons for believing that this is
not the solution to the problem of making the 
Allende matrix olivines by condensation. 
First, in dynamical models of the solar 
nebula, dust enrichment occurs by 
coagulation and settling to the midplane, but 
difficulty is encountered in enriching dust by 
factors of >100 by this mechanism [6]. 
Second, in the above calculation for 75x dust 
enrichment, since virtually no metallic iron 
remains in the temperature interval where 
XFa reaches its maximum and levels off, 
oxygen fugacity is obviously not the limiting 
factor. Instead, the S abundance limits the 
maximum achievable XFa. For example, 
while 43.6% of the iron is in fayalite at 600K, 
another 55.5% is in pyrrhotite  (Fe0.98S), 
which accounts for 98.9% of the S. 
     Equilibrium condensation 
calculations were done at a total pressure of 
 10-3 bars and a  C  1 dust enrichment of 75x 
relative to solar composition, using the 
computer code of [4] with updated 
thermodynamic data and new photospheric 
abundances of C and 0 [7]. To see if the 
oxygen fugacity in such a system is sufficient 
to yield the fayalite content of Allende 
matrix olivine, the sulfur abundance was set 
to zero. As in the normal-S case, XFa rises 
continuously with falling temperature, 
reaching 0.28 at 850K, where it levels off. 
The rise is due to reaction of progressively 
more of the metallic Fe with gaseous oxygen 
and orthopyroxene to form olivine with 
falling temperature. The reason why XFa 
levels off at 850K is that this is where 
orthopyroxene is exhausted. In contrast o 
the normal-S case, however, as the 
temperature continues to fall below 850K in 
the zero-S case, XFa rises sharply at 760K 
and levels off again in stepwise fashion. The 
sharp increase is due to onset of the reaction 
of residual metallic Fe with gaseous oxygen 
and albite to form nepheline and fayalite. In 
this reaction, the additional Si02 for fayalite 
formation comes from conversion of albite to
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nepheline. This causes XFa to rise steeply 
and level off at 0.39 at 704K, where albite is 
exhausted. Below this temperature, no more 
fayalite forms and XFa is constant. This is 
due neither to lack of available Fe nor to low 
oxygen fugacity, as 28% of the Fe is still 
present as metal, which is converted into 
pure Fe oxides below 550K. The reason why 
XFa remains constant is that there is no more 
 SiO2 available. In this temperature range, 
85% of all the Si is already present as olivine, 
with the remainder being used to stabilize all 
of the Na and Ca, and most of the Al, in 
grossular, nepheline and diopside. 
     It is thus seen that modest 
enrichments in  C  1 dust are sufficient to 
oxidize all Fe in this system but that, even 
when chemical equilibrium would otherwise 
allow this to occur, the high solar S/Fe ratio 
causes  pyrrhotite condensation to exclude a 
large fraction of the Fe from combining with 
oxygen. Furthermore, even if the S 
abundance is set to zero, thus allowing all Fe 
to oxidize, there is insufficient Si in the 
system for the equilibrium XFa to reach 0.5, 
the value in Allende matrix olivine. This 
suggests that the way to form the Allende 
matrix olivine by condensation is to isolate 
early, high-temperature forsterite from 
chemical communication with the gas at low 
temperature, thereby removing more Mg 
than Si from the system. Perhaps this 
occurred when forsterite crystals grew to the 
mm sizes seen in Allende. 
     Another calculation was done at  10-3 
bars and a 75x enrichment in dust of  C  1 
composition except for S, which was 
depleted by 75% relative to Si, as in the 
Allende meteorite. To test the forsterite 
isolation hypothesis, 50% of the olivine that 
had condensed by 1700K, equivalent to 33% 
of the total Mg, was removed in one step. In 
this run, troilite condensed at 960K and XFa 
rose steadily with falling temperature, 
levelling off at 0.37 at 858K, where 
orthopyroxene was exhausted. When 
nepheline began to form at 776K, XFa began 
to rise and levelled off at 0.50 at  719K, where 
albite was exhausted. Here, 13% of the Fe is 
metallic, and the alloy contains 30 mole% Ni.
Although XFa of Allende matrix olivine can 
be made in this way, the amount of metal is 
higher and its Ni content lower than in 
Allende. Furthermore, the assumption that 
the dust used to enrich the system in oxygen 
had the composition of  Cl chondrites except 
for S is completely arbitrary. 
     A similar calculation was done in a 
system of solar composition except for an 
enrichment in water ice by such an amount 
that the atomic  0/H was 42x that of a solar 
gas, the same as made by enrichment in  C  1 
dust by 75x. In this run, 50% of all olivine 
condensed by 1470K was removed in one 
step. XFa rose with falling temperature, 
levelling off first at 0.37 at 984K, where 
orthopyroxene was exhausted, and then at 
0.50 at 788K, where albite was exhausted. 
Pyrrhotite condensed at 728K. Because 
pyrrhotite consumes 27% of the total S at 
700K, accretion of condensates at this 
temperature produces aparent body with the 
observed S content of Allende, but it would 
contain too much residual metal (13% of the 
Fe) and the latter would contain too low a Ni 
content (30 mole%) compared to Allende. 
Although this system is sufficiently 
oxidizing to yield the XFa of Allende matrix 
olivine at a high enough temperature for 
equilibration, the assumption of selective 
enrichment of a solar nebular egion in only 
one volatile component, water ice, seems 
without physical basis. 
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Introduction: 
      Recent studies have demonstrated that 
short-lived  60Fe  (t1,2 =  1.5 Ma) was present in at least 
some components of ordinary chondrites when they 
formed  [1-3]. In this work, we build upon those 
results in two ways. First, to investigate whether 
 6°Fe was widespread in the chondrite formation 
region, we studied sulfide assemblages in four 
unequilibrated enstatite chondrites  (UECs): 
Qingzhen (EH3), Sahara 97072 (EH3), EET 87746 
(EH3), and MAC 88136 (EL3). We also located 
objects in which data could be obtained for both the 
 6oFe_.60Ni  and  a 53Mn-53Cr systems, to investigate 
possible correlations between the two isotope 
systems. The minerals analyzed included troilite, 
alabandite,  daubreelite, niningerite, sphalerite, and 
kamacite. 
Experimental Methods: 
      Targetsulfides were identified by elemental 
and backscattered-electron mapping of thin sections 
using the SEM. Isotopic analyses were carried out 
with the ASU Cameca ims-6f ion microprobe. For 
both Fe-Ni and Mn-Cr analyses, a 0.2-0.4 nA, 12.5 
keV  0- primary beam  (=5 microns in diameter) was 
used to generate positive secondary ions. The 
secondary-ion mass spectrometer was operated at 
8.85 keV with an energy window of  =50 eV. A 
mass resolving power of  —3800 eliminated most 
molecular interferences. Hydride contributions to
53Cr
,  "Mn,  60Ni,  61Ni, and 62Ni were <0.1 %o. 
Canyon Diablo troilite, synthetic troilite, and 
terrestrial pyrrhotite were used to check the 
instrumental mass fractionation for Ni isotopes and 
to determine the Fe/Ni sensitivity factor.  60Ni/61Ni 
ratios for samples were corrected for instrumental 
mass fractionation i ternally using  62Nii61Ni. The 
mass fractionation correction for 53Cr/52Cr f om 
samples was done externally by comparing to 
measured ratios in Cr-rich sulfides within the same 
thin section, assuming that their Cr isotopic 
compositions are normal within the precision of the 
ion microprobe. Most sulfides in the four UECs 
have Fe/Ni and Mn/Cr ratios too low to permit 
detection ofthe expected small anomalies in  60Ni and 
 "Cr. However, 14 sulfide inclusions from 
Qingzhen, EET 87746, and MAC 88136 were 
measured for Fe-Ni, and 3 of these were measured 
for Mn-Cr. 
Results: 
     Of the 14 sulfide inclusions, only the two 
inclusions with the highest Fe/Ni ratios, both from 
 Qingzhen, show clear excesses of  60Ni that correlate 
well with Fe/Ni (e.g., Fig. 1). A troilite-kamacite-
niningerite assemblage  (QZ3-S4) gave an initial 
 60Fe/56Fe ratio  ((60Fe/56Fes  )  ) of  (3.4±2.1)x  10-7, while 
a  sphalerite-troilite-schreibersite assemblage 
(QZ2-S3) gave  (6°Fe/56Fe)0 =  (9.1±2.5)x10-7 (Fig. 1). 
One troilite inclusion from MAC 88136 showed a 
clear excess of  60Nli and a "two-point" isochron gave 
 (60Fe/56F00 =  (1.4±0.6)x10-6. Five assemblages 
from the three meteorites howed hints of excess  60Ni 
and gave inferred  (60Fe/56Fe)0 values fall in the range 
of  (1-3)x10-7, with large errors. Two inclusions, 
both from Qingzhen, showed no evidence of excess 
60Fe
, although Fe/Ni ratios are low. 
      The remaining sampleshow unusual results. 
Three objects with low Fe/Ni ratios  (56Fe/61Ni < 
400,000) show marginally resolved excesses of  60Ni 
that give very high inferred (6oFet56Fe)0                                       ratios 
 (2  .3±  1  .6x  10-6,  (3  .7±  1  .2)x  10-6, and  1.0±0.7x  10-5). 
While the uncertainties permit lower inferred initial 
ratios, the magnitude of the excesses in all three 
inclusions is similar, and the initial ratios show a 
weak inverse correlation with Fe/Ni ratio. One 
sphalerite-alabandite-troilite assemblage from MAC 
88136 (M3645-S5) is remarkable in that it gives 
large excesses in both  60Ni and 62Ni  (660Ni = 
• 
 129±128%o and 862NI =  238±147%0, referenced to 
 61Ni;      Fe/Ni 350
,000). When corrected for 
instrumental mass fractionation using  62Ni/61Ni, the 
inferred  ( Fe/56Fe)0 ratio is  (8.2±4.1)x  10-7, but when 
corrected using the measured  6°Ni/6INi from 
                 6oFe/56Fe. isstandards
, the inferred() (2.8±2.7)x10-7. 
      Three of the inclusions had mineralogies 
suitable for Mn-Cr measurements. Qingzhen 
QZ2-S3, a sphalerite-bearing assemblage with a good 
Fe-Ni isochron, also produced a clear Mn-Cr 
isochron with an inferred  (53Mn/55Mn)0 = 
 (2.1±0.6)x10-7 (Fig. 2).  M3641-S1 gave a good 
Mn-Cr isochron with  (53Mn/55Mn)o =  (5.7±0.8)x  10-7. 
This object gave  (6°Fe/56Fe)0  1  x10-5. M3645-S5, 
the sphalerite-alabandite-troilite assemblage with 
excesses in both  60Ni and 62Ni gave  (53Mn/55Mn)c, = 
 (1.7±0.7)x10-7, although there is not sufficient 
internal spread in the data to define a good isochron. 
Discussion: 
      Previous measurements have established 
(6oFe/56Fe)0          ratios of  (1.0±0.2)x10-7 for troilite in 
Bishunpur [1,2],  (1.7±0.5)x10-7 for troilite in 
Krymka [2], and  (7.5±2.6)x10-7 for troilite in 
Semarkona [3]. The sulfide assemblages from 
UECs with the best evidence for radiogenic  60Ni give 
(6oFe/56Fe)0          ratios of  (3  .4±2.  1)x  10-7,  (9.1±2.5)x  10-7, 
and  (1.4±0.6)x  10-6. The marginal detections from 5 
UEC sulfide assemblages gave initial ratios of 
 ---(1-3)x10-7. The highest of these  (6°Fe/56Fe)0
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values is essentially identical to the value inferred for 
CAIs  (1.6x10-6) [e.g., 4]. Even discounting the 
apparent higher values that we infer from sulfides 
with low Fe/Ni ratios, the inferred  (60Fe/56Fe)0 values 
are very high. The values are particularly 
extraordinary because the inferred (53Mn/55Mn)0 
values for the UEC sulfides are quite low, a few 
 x10-7. The  (53Mn/55Mn)0 ratios are similar to those 
obtained previously in E-chondrite sulfides [5]. 
They are much lower than the  —1.4x10-5 inferred for 
CAIs [6], in spite of the longer half-life of 53Mn (3.7 
Ma) relative to  60Fe. In one case the same object 
(QZ2-S3) gave good isochrons inboth systems (Figs. 
1 and 2). If the isochrons are truly undisturbed, 
then UEC sulfides could only have formed from a 
reservoir with very different  (53Mn/55Mn)0 and 
(60Fe/56Fe)o          compared to the  CAI or ordinary-
chondrite formation regions. 
      However,secondary edistribution f Fe, Ni, 
Mn, and Cr in the sulfides must be considered. 
Experimental data for vacancy diffusion indicate that 
 Fee' can diffuse in pyrrhotite —1 cm in  105 years at 
277 °C [7]. Qingzhen may have experienced 
metamorphic temperatures as high as 500 °C [8]. 
Partial diffusive loss of Fe was proposed by [9] to 
explain Fe-concentration profiles in sphalerite in 
Qingzhen and other CH chondrites. If, after  60Fe 
decay, Fe was lost from the sulfides by diffusion and 
Ni remained inplace, then lower Fe/Ni ratios would 
give anomalously high (60Fe/56—e)0                            ratios.Evidence
to support this idea comes from sulfide M3645-S5, 
which has a —13% excess  of  60Ni and —24% excess of 
62Ni relative to 61Ni. These excesses are similar in 
relative abundance, but much larger in magnitude, 
compared toseveral Allende inclusions measured by 
[4]. The magnitude of the effects and their 
similarity to affects measured in Ni from  CAIs 
suggest hat these are nucleosynthetic anomalies 
inherited from a presolar source and preserved in the 
sulfides. If MAC 88136 reached metamorphic 
temperatures high enough to mobilize Fe (-300 °C), 
then the preservation of the large non-linear Ni 
anomalies in M3645-S5 suggests that Ni is not 
redistributed at those temperatures. 
      A consistentstory for sulfides in UECs 
might be the following. Sulfides formed while 
(53Mn/55Mn)0 and (6oFe/56Feo                       )rati s were both
relatively high (e.g.,  —1x10-5 and  —1-2x10-6, 
respectively). Both systems decayed until the  60Fe 
was largely gone (>5 my). The sulfides were 
reheated, probably in the parent body, to a level 
where Fe became mobile and some of it left the 
sulfides. The Mn-Cr system was also reset at this 
time, but the Ni isotopes remained bound in the 
sulfide. The system cooled again, and the Mn-Cr 
clock was restarted from a much lower level (e.g., 
 —5x10-7). The Mn-Cr system would record the time 
of metamorphic cooling in the EH parent body, but 
the Fe-Ni system would give higher apparent 
(60Fe/56Fe)o         ratios due to Fe loss and would not have
chronological significance. The fact that the 
highest inferred initial ratios that we obtained in this 
study (albeit with large errors) come from the grains 
with the lowest Fe-Ni ratios is consistent with an 
Fe-loss hypothesis. 
     If this interpretation is correct, then sulfides 
from enstatite chondrites cannot be dated by the 
Fe-Ni system and cannot be used to constrain the 
initial  60Fe/56Fe ratio of the early solar system. 
Sulfides in other types of meteorites may still be 
useful, but more reliable data will probably be 
obtained from Fe-rich, Ni-poor silicate and oxide 
minerals. 
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Introduction 
   Description of shock effects in plagioclases 
such as andesine, bytownite, labradorite and 
anorthite has been based on observations from 
natural shocked rocks and Hugoniot data  ([11-and 
references therein). They also noted that planar 
microdeformations in plagioclase as the most 
important indicators of shock metamorphism occur 
between 15 and 28 Gigapascal (GPa) shock pressures 
 [1]. The purpose of this study is the classification of 
planar microdeformations such as Planar Fractures 
(PF) and Planar Deformation Features (PDFs) at the 
different shock stages of the experimentally shocked 
plagioclase samples.
Samples and Experimental Procedures 
   Shock recovery experiments were used at the 
propellant gun at Institute for Material Research, 
Tohoku University, Japan. The flyers (25 mm in 
diameter) were composed of polyethylene (12.5 mm 
thick), polycarbonate (12.0 mm thick) and SUS (3.0 
mm thick). Each sample (disk: 10 mm in a diameter 
and 30 mm thick) was put into a holder of SUS (40 
mm in diameter and 30 mm thick) with Cu spacer. 
The samples (An20, An40 and An80) were subjected 
at shock pressures: 20, 30, 40, and 50 GPa. Thin 
sections were produced from the unshocked material 
as a starting material and the experimentally shocked 
samples [2]. They were analyzed by Olympos  BX60 
optical microscope and plane- and cross-polarized 
images were obtained by Olympos  DP11 camera. 
The view areas are about  lmm x  lmm in the Fig. 1 
and 0.5mm x 0.5mm in the Figs. 2-3. 
Discussion 
   In general, the unshocked as starting materials 
including An20, An40 (a black arrow in the  Fig.1) 
and An80 samples exhibit relatively large, grain-
pervasive irregular fractures in the cross-polarized 
light mode (Fig. 1). The fracture density is increased 
as a function of increasing shock pressure, e.g., 20 
and 30 GPa. The well-developed planar 
microdeformations are best visible in the samples 
shocked at 40 and 50 GPa shock pressures. For 
instance, the sample shocked at 40 GPa (An40) (Fig. 
2-3) exhibits PFs (spacing: 15-20  ptm, width: 5-10 
 lim) (white arrow in the Fig. 2) and PDFs (spacing: 
5-10  larn, width: 1-2  ?dm) (black arrows in the Fig. 3), 
which are set into the network of irregular fractures 
(a white arrow in the Fig. 3). In general, three 
orientations of PDFs could be  discernable. The 
occurrence of these microdeformations indicates that
these parts of the samples were subjected under 28 
GPa [1,3]. In some cases, the mechanical twinns 
were observed in the samples hocked at 30 and 40 
GPa (black arrow in the Fig. 3).
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  This study is aimed to understand the origin and 
evolution of meteoritic organics, especially their primary 
formation pathways. Organics are indeed the dominant 
form of C and N in primitive meteorites [e.g., 1,2] and they 
are believed to be the building blocks of C and N in 
planetary bodies. 
   Recent estimates of the solar isotopic compositions of 
C and N [3,4,5] suggest hat bulk of meteoritic C and N are 
largely enriched in  13C and  15N compared to the proto-solar 
isotopic compositions (Fig. 1). The solar  13C/12C and 
 15N/14N ratios
, deciphered from the solar wind component 
implanted into lunar grains, are lower than their terrestrial 
isotopic compositions by >10 % for C [3] and >24 % for N 
[4,5], respectively. These results overlap within their 
ranges of error bars with the Galileo probe measurements 
of the Jovian atmosphere [6,7]. 
    Although formation processes of meteoritic organics 
probably involve several steps of interstellar/circumstellar 
gas chemistry and processing in asteroidal parent bodies, 
the basic isotopic signatures commonly observed among 
the organics in the most primitive meteorites were likely 
acquired by low-temperature chemistry that occurred in a 
gas medium. For example, the widely observed 
enhancement of deuterium in meteoritic organics compared 
to the proto-solar composition is generally recognized as a 
signature suggesting that hydrogen isotopic fractionation 
through ion-molecule reactions had prevailed during 
organic formation in the interstellar molecular cloud [8], or 
in the cold region of the protoplanetary disk [9]. 
   Large isotopic fractionations of C andN are indeed 
expected to occur during the triggering process of organic 
formation in a gas medium. Several processes that converts 
carbon-monoxide to chemically more active forms of C 
have been proposed as pathways that may lead to large C 
isotopic fractionation: (i) isotope exchange reaction 
between CO and C-bearing ions (e.g.  C+) at low 
temperatures (-10 K) [10], (ii) isotope-selective 
photodissociation f CO by ultra-violet (UV) light  [11], or, 
(iii) catalytic onversion of CO to hydrocarbon in a warm 
nebula by the so-called Fischer-Tropsch reaction [12]. 
Processes (i) and (iii) tend to enrich the organic products in 
 12C  [10
,12], whereas the process (ii) may cause a 
systematic enrichment of  13C in the organics. For nitrogen, 
a couple of mechanisms have been proposed for  15N 
enhancement. They are the self-shielding mechanism 
similar to the case of CO that involves photochemistry of 
N2 [13], and ion-molecule reactions in a dense and cool 
(-10 K) gas medium. 
   One of the conclusions we arrive by comparing the 
solar and meteoritic (or organic) C isotopic compositions 
(Fig. 1) is that isotope-selective photodissociation of CO 
may have occurred at some stages of meteoritic organic 
formation. Detailed astrochemical models  [11,14], taking 
into account all possible C isotopic fractionation processes
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Fig. 1 Comparison of C and N isotopic compositions 
among various planetary materials with the solar 
compositions. Refer to [3] for a complete set of references 
to the data source. The solid squares represent the inferred 
end-members in CR-clan chondrites:  N13 in Bencubbin 
meteorite [18] and carbon-silicate aggregates in CH 
chondrites [19]. The terrestrial mantle value is plotted with 
the Earth's symbol. The martian mantle value overlaps 
with the terrestrial one within the size of the symbol.
that may occur in interstellar/circumstellar environments, 
suggest that  13C enhancement in the organics could 
systematically take place in a relatively warm (?_100 K) 
and dense gas medium, whereas a fair degree of isotopic 
fractionation, either to  13C- or  12C-rich directions, is 
expected in a typical cold (--10 K) interstellar condition. 
These conclusions are derived basically by comparison of 
reaction rates for two competitive reaction pathways that 
may concurrently take place in a space medium, that is, 
temperature-sensitive ion-molecule reactions and 
photodissociation (self-shielding) of CO molecules, which 
lead to fractionation in opposite directions. 
   The organic formation process responsible for the  13C 
enrichments could take place in the proto-planetary disk, 
which is irradiated by the proto-Sun. For example, a warm 
CO-rich molecular layer at the surface of the outer region 
of the disk irradiated by stellar UV proposed by Aikawa et 
al  [15], could be a potential environment for synthesis of 
 DC-enriched organics. Recent nitrogen isotope 
fractionation models also favor organic formation in the 
proto-planetary disk: Terzieva &  Herbst  [16] suggests that 
organics produced in (CO-rich) interstellar clouds could be 
enriched in  '5N only by —25 %, and may not account for 
the factor of 2 enhancement of the  15N/14N ratio of 
planetary N compared to proto-solar N. This is because CO
—36—
molecule hampers ion-molecule reactions that lead to 15N 
enrichment  [17]. Charnley and Rodgers  [17] postulates that 
organic formation involving  15N enrichment ook place at 
the mid plane of the outer disk where most of the CO 
molecules condense on grains. Occurrence of  13C and  15N 
enrichments both in the outer region of the protoplanetary 
disk, in similar but not exactly the same locations/reaction 
paths, could give partial explanation for the observed 
correlation between the  13C and  15N anomalies among 
meteorites (Fig. 1), that is, both are systematically enriched 
compared to the solar composition, although they are not 
always well correlated among respective bulk meteorites, 
or organic components in meteorites.
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SEARCHING FOR THE PARENT BODIES OF METEORITES THROUGH 
REFLECTANCE SPECTROSCOPY: CURRENT STATE. T. Hiroi, Dept. of Geological 
Sciences, Brown University, Providence, RI 02912, U. S. A. (takahiro_hiroi@brown.edu)
Introduction: 
   Some meteoriticists may falsely assume that the 
parent bodies of meteorites they are studying do not 
exist in the present asteroid belt any more and thus 
remote sensing of the currently existing asteroids is 
not important. I understand the difficulty of using 
two very different methods: Analyzing meteorites 
with electron microprobe etc. and looking at 
asteroids through a telescope. However, except for 
some lunar and martian meteorites and long-life 
meteorites such as irons, we are mostly looking at 
recent samples of asteroids when we study meteorites. 
This fact will be made even clearer when the 
spacecraft Hayabusa which was launched on May 9, 
2003 arrives the asteroid 1998SF36 and collects its 
samples and return them to us. Here I would like to 
review briefly the history of searching for the parent 
bodies of meteorites and its current state.
HED Meteorites — Vesta & Vestoids: 
   The discovery of similarity between reflectance 
spectra of Vesta and HED meteorites  [1] was the 
beginning ofall the asteroid-meteorite compositional 
comparison studies, which was later strengthened by 
the discovery of small Vesta-like asteroids called 
Vestoids which are somewhat dynamically associated 
with Vesta [2]. Therefore, most people believe that 
HEDs came from Vesta and that Vestoids are 
fragments ofVesta. 
   However, many controversial issues still exist 
such as their mysterious space weathering trend [3], 
existence of HED-like asteroids not associated with 
Vesta, and discovery of an eucrite having different 
oxygen isotopic omposition from other HEDs [4]. 
And, of course, if many iron meteorites are remnants 
of cores of basaltic asteroids, there must have been at 
least the same number of basaltic asteroids as the 
iron meteorite ypes, except he possibility that those 
iron meteorites are actually fragments of partially 
differentiated asteroids such as S asteroids.
Ordinary Chondrites — S Asteroids: 
   The name of  "S" was meant to be "stony" or 
"silicate"
, and in that sense it is still valid. However, 
the speculation that the S asteroids are ordinary 
chonrites has been altered greatly over history. 
Seven subclasses of S asteroids were proposed and 
only one of them (S4) was characterized as similar to 
H/L/LL chondrites in olivine/pyroxene composition 
[5]. Many researchers used to think that the red 
spectral profile of the S asteroids was due to metallic 
iron and the silicate composition of the S asteroids 
such as olivine/pyroxene modal abundance can be 
estimated from their reflectance spectra by simply 
removing and disregarding the continuum. 
   However, through some experimental and
modeling studies, it has become clear that the red 
profile is due to space weathering [6-8], and later 
studies further showed that the definition of the S4 
class would significantly change by grain size and 
space weathering [9-10]. 
   Yet, high degrees of space weathering of the S 
asteroids suggest that they have high abundances of 
metallic iron because metallic iron in their regolith 
can probably promote space weathering by enriching 
nanophase r duced iron inside vapor coating on the 
regolith grains produced by micrometeorite impacts. 
It supports he idea that many S asteroids are made of 
ordinary chondrites or stony irons. This may also 
be the primary reason why Vesta looks fresh, which 
must have been a lucky and important characteristic 
that led to the discovery of HED-Vesta relationship 
[1]. 
   Other S asteroids show olivine/pyroxene modal 
abundances varying from olivine-rich with minor 
spinels [8] to pyroxene-rich, which probably 
corresponds to brachinites, primitive achondrites 
such as acapulcoites and lodranites, and stony irons 
such as pallasites and mesosiderites. Spinel-rich S
asteroids have been also identified  [11].
Carbonaceous Chondrites — G/B/C/F/K Asteroids: 
   Dark asteroids which have relatively featureless 
spectra were generally classified as the C type as 
opposed to the S type which are brighter and have 
silicate absorption bands [12]. Subclassification of 
the C type into the  G, B, C, and F types [13] and later 
addition of the K type as the one between the C and 
S types [14] became popular. However, majority of 
the  G/B/C/F asteroids show much flatter visible and 
 near-IR spectra than  Cl/CM/CR chondrites, and the 
mismatch was addressed by [15] as due to loss of 
fine particles from the asteroid surfaces. 
   The issue was readdressed nearly 20 years later 
by  [16] which concluded that thermal metamorphism 
of the  Cl/CM/CR carbonaceous chondrites would be 
more acceptable explanation of their spectral 
mismatch with the  G/B/C/F asteroids, upported by 
experimentally heated Murchison samples  [17] and 
actual  Cl/CM chondrites among the Japanese 
Antarctic meteorite collection which were heated in 
their parent bodies [18-22]. Cause of heating can 
be either internal isotopic heating combined with 
gravitational and collisional energies or space 
weathering (assuming thermally metamorphosed 
 Cl/CM/CR chondrites are regolith breccia). 
   On the other hand, some G asteroids such as 19 
Fortuna seem to be relatively close to the CM2 
chondrites seen from the ferric-ferrous Fe bands at 
0.7, 0.9, and 1.1  pm. Although Ceres and Pallas are 
classified as G and B types, respectively, they are 
each unique in their respective class and no clear
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compositional information is derived yet. 
   Although K asteroids are believed to be similar 
to CV/CO chondrites [14], there has not been many 
detailed comparison studies between them [23].
Tagish Lake Meteorite — T/D Asteroids: 
   This is the most recentdiscovery [24] which 
broke the long-standing common sense that P or D 
asteroids materials never come to the Earth as 
meteorites. Although T and D asteroids were 
classified separately, a recent study [25] suggests 
they are not actually different materials. On the 
other hand, the D asteroids associated with the 
Jupiter orbit seem to be different from those in the 
main belt in that the former seem water-free. This 
may suggest differences in either origin and/or 
evolution, or degree of space weathering.
P Asteroids: 
   The P-type asteroids are supposed to be 
intermediate of the  G/B/C/F asteroids and D 
asteroids in composition based on their distribution 
profile in the asteroid belt (Fig. 1). Now that the D 
asteroids, which were supposed to be the most 
primitive of all carbonaceous materials, have been 
sampled as the Tagish Lake meteorite, a sample of 
the P asteroids may be naturally expected to arrive 
the Earth some day as a meteorite. 
   The expected composition is intermediate of 
 Cl/CM/CR chondrites and Tagish Lake in the amount 
of carbon based on the slope of the reflectance 
spectra. The origin of such a material may be either 
mixing of the above two meteorite groups or thermal 
metamorphism of Tagish Lake meteorite like 
material. Future observations of the P asteroids and 
experimental works using Tagish Lake may shed 
more light on this issue.
Semimajor Axis (AU)
Fig. 1. Volume % abundances of compositional groups of 
asteroids. Volumes of asteroids larger than 50 km in 
diameter are added over a belt zone of 0.4 AU in radial 
width each, and relative abundances of asteroids grouped 
according to supposed composition are plotted.
Summary: 
   The purpose of searching for the parent bodies
of meteorites may be either to understand the 
compositional structure of our solar system or just 
human instinct o know the origin. As more and 
more meteorites become traced back to their parent 
bodies among the current or past asteroids (Fig. 2), 
the question will arise whether we are sampling the 
asteroid belt uniformly through meteorites ornot. If 
meteorites are well sampled throughout different 
asteroid materials, our remote-sensing effort and 
meteorite studies will be recognized as highly 
valuable in understanding the origin and evolution of 
our solar system materials. Otherwise, spacecraft 
missions will become ven more important.
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Fig. 2. Current situation of our understanding of the 
asteroids-meteorites relationship together with samples of 
other origins.
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Introduction: 
   A dominant theme of my research over the past 
25 years has been to try to understand the materials 
and processes that resulted in the formation of the 
solar system and the meteorites that we see today. 
My early training taught me that the solar system 
formed from a hot gas of solar composition a d that 
the various constituents of the meteorites and planets 
condensed from that gas. Over the years, I have 
come to believe that this model cannot be correct, 
and my research as been directed, in large part, 
toward constructing a replacement model that is 
consistent with all of the observational nd 
experimental data. This presentation will describe 
the outlines of this replacement model and will show 
the data that provides the foundation for it. 
Matrix of Unequilibrated Ordinary Chondrites: 
   My first research was an investigation f the 
matrix of unequilibrated or inary chondrites  (UOCs). 
This study showed that the matrix is not simply a 
collection of chondrule fragments, but is in fact a 
distinct fine-grained component which, in its 
unmetamorphosed form, has chemical characteristics 
much like a predicted late condensate from a hot 
solar nebula [1]. The matrix also carries a detailed 
record of the initial stages of parent-body 
metamorphism  [1] and the growth of feldspar during 
this mild metamorphism drives the TL-sensitivity-
based sub-classification of UOCs [2]. 
Isotopic Anomalies in Chondrites: 
   A basic rule of isotope geochemistry that used to 
be taught o graduate students was that the isotopic 
composition of an element anywhere in the solar 
system is the same, with only three exceptions that 
provide the basis for isotope geochemistry: 1)mass 
dependent isotope fractionation, which provides 
information about process, 2) buildup of daughter 
isotopes of radioactive lements, the basis for 
chronology, and 3) noble gases, for which no causal 
explanation was provided. However, it was already 
being noted that there was another exception, the 
FUN inclusions from the Allende CV3 chondrite, 
which have large non-mass-dependent iso opic 
anomalies inmany elements, and data were already 
available showing that isotopic anomalies were not 
limited to FUN CAIs. Oxygen isotopic differences 
were being used to classify chondrites, and isotopic 
anomalies in many elements were being found, 
almost exclusively in unmetamorphosed meteorites. 
When I considered all of the reported anomalies 
together, it was clear that the basic assumption f a 
single isotopically homogeneous solar system was 
not supported by the data. I began to try to 
understand the implications ofthis discrepancy. One 
of the implications was that presolar material had
survived solar-system formation, although ithad not 
yet been isolated [3]. My Ph.D. advisor, Prof. E. C. 
Alexander, and I proposed that he carrier of the most 
abundant oble gas component in chondrites (P1 or 
Q-gas) was actually a presolar component [4]. If 
presolar material had survived and was widespread, 
then the solar system could not have formed by 
condensation of a hot gas of solar composition. 
More likely, it formed from thermally processed 
presolar dust [3-5]. The least processed materials 
would be those with the widest array of presolar 
grains and other isotopic anomalies. CI chondrites, 
CM2 matrix, and the matrices of the least 
metamorphosed UOCs and other chondrites seemed 
like the most likely candidates. 
Presolar Grains in Chondrites: 
   Presolar diamond was discovered [6] two years 
after I realized that presolar materials must be 
present in meteorites, and a few months after the 
discovery, I went o work for Prof. Edward Anders as 
a Post Doc. By then, presolar silicon carbide and 
graphite had also been identified. Dr. Anders and I 
agreed that I would study the distribution ofpresolar 
grains among the chondrite classes. Based on my 
matrix work  [1], I selected several UOCs for study, 
along with carbonaceous and enstatite chondrites. I 
found that presolar grains had been incorporated into 
all classes of chondrites that I studied, and that the 
distribution of the grains correlated with matrix 
abundance and with the metamorphic istory of the 
host meteorite [7]. Detailed studies of the 
characteristics of presolar diamonds [8,9] and 
abundances of presolar grains  [10] confirmed these 
correlations. The  P1 noble-gas carrier showed 
similar behavior, as though it too were a presolar 
component [4,  11]. These studies also showed that 
the pre-metamorphic abundances and characteristics 
of the presolar grains were not precisely the same in 
all classes. Instead, presolar-grain mixtures varied in 
ways that correlated with the nebular thermal history 
of the host matrix material [10]. 
   At this point, it was clear to me that there must 
be other kinds of presolar materials in chondrites, 
particularly oxygen-rich types. I moved to Caltech, 
and the first project was to find presolar oxides. 
Using the ideas that I had developed earlier about 
which meteorites should be most likely to contain 
presolar grains, I began the search in Orgueil and was 
almost immediately rewarded with the discovery of 
presolar  A1203 [12,13]. More presolar  A1203 grains 
were found in Bishunpur (LL3.1) [14], while the St. 
Louis group found some in Murchison (CM2)  [15]. 
While we studied the isotopic systematics of presolar 
SiC  [16, 17] and  A1203, we identified presolar spinel 
and hibonite  [18, 19]. Meanwhile, the St. Louis
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group used isotope mapping techniques to find many 
more A1203 grains and they added  Si3N4, Ti02, and 
silicates to the list [see summary in 20]. Isotopic 
studies of individual grains provided a world of new 
information about nucleosynthesis in many different 
kinds of stars [e.g., 17-20]. However, no variations 
between meteorites have been found that could not 
be accounted for by the history of the host meteorite 
or nebular processing [e.g., 16, 17]. All of these 
studies pointed to the idea that the meteorites 
sampled the average molecular-cloud material that 
was the raw material for the solar system. 
Correlations Between Presolar Grains and Bulk 
Compositions of Host Meteorites: 
   In recent years, my research group has been 
studying the distribution of presolar grains among 
carbonaceous chondrites (CI, CM, CR, CV, CO, CH), 
looking for correlations between the abundances and 
characteristics of presolar grains and the bulk 
compositions of the host meteorites  [21]. To 
interpret our data, we assume that CI chondrites and 
CM2 matrix are most representative of the 
molecular-cloud material that became the solar 
system, not in terms of current mineralogy, which 
was produced by aqueous processes on the parent 
body, but in terms of bulk composition and variety of 
presolar grains. Using this assumption, we find that 
the fractionations in bulk compositions relative to the 
CI composition correlate in both style and magnitude 
with fractionations in the assemblages of presolar 
grains. The correlations imply that the same 
processes that produced the bulk compositions of the 
carbonaceous chondrites also modified the original 
mixture of presolar grains. If so, then condensation 
from a gas of solar composition is effectively ruled 
out as the dominant process for producing the 
chondrite classes. Instead, various degrees of partial 
evaporation and thermal destruction of molecular 
cloud material in the nebula, followed by chondrule 
formation, metal-silicate fractionation, and other 
processes, produced the various classes of chondritic 
meteorites. Re-condensation of elements evaporated 
locally probably did occur, but complete vaporation 
would have destroyed the presolar grains and 
eliminated any causal relationship that could explain 
correlations between the mixtures of presolar grains 
and the bulk compositions [22].
The New Model: 
  The model that currently provides the working 
hypothesis for our research is the following: The 
solar system formed from a relatively well-mixed 
molecular-cloud core by gravitational collapse. The 
molecular-cloud material was heated to varying 
degrees in the nebula, depending on nebular stage 
and location, with volatile elements evaporated from 
the dust and the more-fragile presolar grain types 
destroyed proportional to the degree of heating. CI 
chondrites and CM2 matrix represent the least 
fractionated samples of the parent molecular-cloud
material, both chemically and in terms of presolar 
grains. Although there are complications, which are 
discussed in detail in  [21], the carbonaceous 
chondrites can be placed in the following order of 
increasing degree of thermal processing of molecular 
cloud material in the nebula:  CI=CM-matrix<CO 
<CR<CH<CV. The major portions of CO, CR, CH, 
and CV chondrites then experienced chondrule 
formation, and the CH chondrites experienced metal-
silicate fractionation, which added metal. Other 
classes of chondrites are being studied now to 
compare with the carbonaceous chondrites. Current 
data indicate that ordinary chondrites, in the order 
LL<L<H fall between CO chondrites and CI 
chondrites and CM2 matrix. Ordinary chondrite 
precursors also experienced ifferent levels of metal-
silicate fractionation. The EH chondrites have been 
heavily processed in the nebula, but under reducing 
conditions. The intensity of processing seems to be 
similar to that for CV chondrites, but significant 
recondensation ofvolatiles also occurred. 
   Other major data sets must be incorporated into a 
successful model. For example, oxygen isotopes 
have been used to classify chondrites for over twenty 
years. The oxygen-isotope systematics of chondrites 
may reflect a correlation of  '60-rich compositions 
with refractory composition inherited from the sun's 
parent molecular cloud. In the solar system, less 
refractory  17,180-rich dust would have evaporated 
preferentially, producing  '60-enrichments that 
correlate with refractory-element content. To first 
order, this model explains the observations [5]. The 
model also has implications for short-lived 
radionuclides, but we do not yet have a model that 
explains the observations in any detail. 
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Lithology and Mineralogy: 
   The Y-980459 shergottite is a glassy basaltic 
rock, which is different in lithology from any other 
known basaltic shergottites. It consists of olivine 
phenocrysts and glassy groundmass with 
 moderate-shock-melt pockets. The olivine 
phenocrysts are less than 1 mm in diameter, and 
show normal zoning from magnesian cores 
 (mg=0.85-0.70) to ferroan rims  (mg=0.70-0.30). The 
width of the ferroan rims is less than about  1011 m. 
   The groundmass consists mainly of pyroxene 
grains and glass. Most of the pyroxene grains are 
rectangular in shape and smaller than  55011 m in 
length and  27011 m in width. The pyroxene grains 
show compositional zoning from magnesian 
orthopyroxene cores  (mg=0.83-0.74) to ferroan 
augite rims  (mg=0.70-0.30). The groundmass glass 
contains abundant needle-like quenched crystals of 
ferroan olivine and minor Al-rich clinopyroxenes. 
The average chemical composition of the 
groundmass glass is shown in Table 1, where the 
glass is enriched in plagioclase components and is 
depleted in  Mg0 and  Cr203 components. 
    Accessory minerals are chromite and sulfide. 
Chromite occurs in olivine, pyroxene and 
groundmass, and its sizes are smaller than  15011 m. 
Sulfide is pyrrhotite with a rounded shape and 
diameters smaller than  20  /1 m, and it occurs in 
groundmass glass. 
   The modal composition of this shergottite is 
olivine (8.7 vol.%), low-Ca pyroxene (35.3 %) with rim 
augite (17.4 %), glass (37.4 %), chromite (0.7 %), and 
pyrrhotite (0.4 %).
Magmatic inclusions: 
   The olivine phenocrysts in Y-980459 
sometimes contain magmatic inclusions in their 
cores. Their shapes are rounded to elliptic with 
diameters smaller than 100  11 m. The magmatic 
inclusions consist mainly of glass, and the average 
chemical composition is shown in Table 1. The 
inclusion glass are enriched in both Si02 and 
plagioclase components.
Crystallization of main lithology: 
   The bulk composition of Y-980459 (Table 1) is 
poor in Si02 and potted in the olivine liquidus field of 
the pseudo-ternary phase diagram of the 
Quartz-Olivine-Plagioclase system [1]. Therefore,
t i inal g a crystallized olivine, and minor 
ro ite y e precipitated along with olivine. 
The precipitation of olivine may have changed the 
original melt to  Si02-rich melt, and the magma 
reached the liquidus field boundary between olivine 
and orthopyroxene, where it crystallized 
orthopyroxene grains abundantly. The residual melt 
became to be enriched in plagioclase components, 
and resulted in the glassy groundmass under a rapid 
cooling condition.
Crystallization of magmatic inclusions: 
   The nearly-original magma may have trapped 
in growing olivine grains. The trapped melt may have 
crystallized olivine in the host olivine  b form the 
wall olivine surrounding the inclusion melt. The 
inclusion melt crystallized too much  olivine under a 
meta-stable condition, and the residual melt 
became to be enriched in Si02 and plagioclase 
components. However, the residual melt has 
exchanged Mg and Fe with the surrounding olivine 
during the crystallization, resulting in the more 
magnesian glass of the inclusions than the 
groundmass glass of the main lithology.
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Table 1. The average compositions of groundmass 
glass (Gdm-glass) and inclusion glass (Inc.-glass) in 
Y-980459 shergottite. The bulk composition of this 
meteorite quoted from [2] is shown for reference.
Gdm-glass  Inc.-glass Bulk
 SiO2 52.09 62.06 48.70
 TiO2 1.17 0.92 0.54
 A1203 17.02 11.54 5.27
 Cr2O3 0.03 0.14 0.71
 FeO 13.92 6.63  17.32
 MnO 0.26 0.18 0.52
 MgO 0.72 2.47 19.62
 CaO 9.72 13.29 6.37
 Na2O 2.66 1.36 0.48
 K2O 0.06 0.04 <0.02
 P2O5 0.29
FeS 0.26
Total 97.68 98.63 99.80
mg 0.085 0.40 0.67
The glass compositions were obtained 
electron—probe micro—analyzer.
by an
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MINERALOGY AND PETROLOGY OF A RUMURUTI CHONDRITE, INCLUDING 
A LARGE UNEQUILIBRATED CLAST: PRE95404. N.  Imael and M. E. Zolensky2, 
 lAntarctic Meteorite Research Center
, National Institute of Polar Research, 9-10 Kaga  1- 
chome, Tokyo 173-8515, Japan, 2NASA JSC, SN2, Houston, Texas 77058, USA.
Introduction: 
   Rumuruti chondrites (RCs) are characterized by 
predominant highly oxidized olivines converging to 
Fa38-40 [e.g., 1,2], lower modal abundances of 
chondrules compared with ordinary chondrites  (OCs) 
[2, 3], unique oxygen isotopes with higher  A170 and 
—3 permil upper TF line on 3-isotopes plot [e.g., 3-5] 
and brecciated texture indicative of a regolith  [1,2]. 
   Limited numbers of RCs are known and the 
total weight of known RCs is only  —1.5 kg [6]. This 
may mean that RCs come from an area of the solar 
system from which it is difficult for materials to 
reach the Earth from the dynamical point of view 
compared with OCs. It has been thus considered 
that RCs compared with OCs occur at a larger 
heliocentric distance in the asteroid belt [e.g., 2]. 
   From the study of unequilibrated RCs (URCs), 
we can deduce the accretion conditions to form the 
RC parent body and the thermal and chemical 
processes on the RC parent body. The study of 
these meteorites is important for understanding 
whether the accretion conditions are similar to those 
of OCs. It will also be related the study of nebular 
heterogenity. The evolutional processes on the 
parent body of RCs is also important for the study of 
accretion materials. 
   In the present study, we analyzed a URC, 
PRE95404, and compared it with an equilibrated 
Rumuruti chondrite (ERC) clast in it.
Experiments and results: 
   An optical microscope and an electron probe 
micro analyzer (JXA-8800) were used for the study 
of a polished thin section of PRE95404,20 (Fig. 1). 
Preliminary, description of PRE95404 has already 
been reported [7]. Here, we describe PRE95404 in 
detail. The PTS mostly (more than 95 vol%) consists 
of unequilibrated material showing clearly rounded 
chondrules with abundant matrix. Chondrule 
abundance with mean size  of  —300[cm is 39 vol% and 
matrix 61 vol% in the PTS. Chondrules in URCs 
generally are clearly distinguishable from matrix, 
suggesting thermal alteraton was not great after the 
final lithification. Some chondrules are fragmented 
suggesting that these were broken during the 
brecciation process. Isolated olivine single crystals 
of several hundreds  [trn in matrix may be material 
derived from chondrules during the brecciation 
process. Also, in chondrules, the fractured olivine 
with triangular shape can be observed. 
   The most abundant mineral is olivine. The Fa 
(mol%) is in the range of 1-44 in URC, and 38-42 in 
ERC (Fig. 2). NiO,  MnO and  CaO (wt%) in 
olivines are mostly in the range of  0.050.1,
 0.20.38, and  0.030.08, respectively, in URC, 
 0.2-0.25,  0.360.38 and  0-0.03, respectively, in 
ERC (Fig. 2). Fa zoning profiles in URCs show that 
cores are magnesian and edges as Fe-rich as Fa39-40 
(Fig. 2). Thin, minor chromite veins can be 
observed in most olivines both in URC and ERC. 
   Pyroxene crystals (Ca-poor and Ca-rich) occur 
on rims of olivine crystals and as large Ca-poor 
pyroxenes in chondrules. In URC, low Ca 
pyroxenes are richer (Fig. 3), while in ERC, diopside 
predominantly occurs coexisting with olivines. The 
grain size of each pyroxene crystal in chondrules is 
usually smaller than that of olivines. Modal 
abundances of pyroxenes are much smaller that those 
of olivines. 
   Opaque minerals are mostly pyrrhotites and 
pentlandites (Fig. 4). In URC, these minerals form 
sulfide chondrules and some of them have hexagonal 
shapes consisting of polycrystalline sulfides with  —10 
 [tm grain size. On the other hand, in ERC, sulfides 
occur as isolated small grains with a diameter  of  —10 
 .trn. Sulfides can also be observed on silicate 
chondrule rims, in silicate chondrules, and in matrix. 
One iron-nickel metal grain of  --10  [tm in diameter 
was observed in ERC. This grain was rimmed by 
altered Fe-Ni sulfide. No metals were found in 
URC.
Discussion: 
   Previously, we speculated that Fe-Ni metals 
were absent in accreted materials [7]. However, in 
the present study, we discovered that  NiO 
abundances in olivines in the  URC clast are much 
lower than those in ERC. This suggests that  NiO in 
olivine diffused during the brecciation process on the 
RC parent body. In addition, olivines in  URC 
were magnesian, and this magnesian olivine changed 
into ferroan during the parent body thermal 
metamorphism. Due to this process, both Fe and Ni 
are required as source elements. The phase may be 
Fe-Ni alloy rather than Fe-Ni sulfides. We have 
observed indication of kamacite and taenite in the 
ERC clast but not in the URC. A sub-circular 
fracture seen in a sulfide chondrule in the URC may 
also be evidence of sulfidation of Fe-Ni alloys as 
UOCs and unequilibrated carbonaceous chondrites 
(UCCs) [8]. The sulfidation may predominantly 
occur on the meteorite parent body as well as in the 
solar nebula. Hence, this sulfide chondrule must be 
originally Fe-Ni metal. 
   If this is the case, the initially accreted main 
minerals forming the RC parent body were similar to 
those of the OCs. However, conditions of thermal 
metamorphism was different between RC and OC;
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oxygen fugacity of RC parent body was much higher 
than that of OC parent body. This may be ascribed 
to the oxidizing fluid (e.g., melting of initially 
accreted water ice) during accretion. 
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Fig. 1. A polished thin ssection of PRE95404,20. 
Transmitted optical microscope image (open nicol).
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Fig. 3. Pyroxene compositions.
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Fig. 4. Opaque minerals in URC and ERC. 
Pyrrhotites and pentlandites are abundant. In ERC, 
one Fe-Ni grain was found.
Fig. 2. Fa (mol%) -  NiO (wt%) plot.
 —44—
NEPHELINE FORMATION IN CHONDRULES IN  CO3 CHONDRITES: 
RELATIONSHIP TO PARENT-BODY THERMAL METAMORPHISM. 
Daisuke Itoh and Kazushige Tomeoka, Department of Earth and Planetary Sciences, Faculty 
of Science, Kobe University, Nada, Kobe 657-8501, Japan.
Introduction 
    Chondrules in some CV3 chondrites contain 
Na-rich nepheline as a secondary alteration product 
formed by replacing mesostasis glass and plagioclase 
[1-4]. The nepheline may have formed by reaction 
with the gas in the solar nebula [e.g., 1, 2], or by 
reaction that took place on the meteorite parent body 
[e.g., 3, 4]. Chondrules in some  CO3 chondrites also 
contain nepheline [e.g., 5, 6], although much less 
work has been done on them than those in CV3 
chondrites.  CO3 chondrites have gone through 
thermal metamorphism on their parent body and can 
be divided into petrologic subtypes 3.0-3.9. Jones [5, 
6] studied a suit of plagioclase-bearing chondrules in 
four  CO3 chondrites and found that chondrules in 
more metamorphosed chondrites tend to show higher 
degrees of nepheline formation (nephelinization), but 
some chondrules do not, and suggested that the 
nepheline formed in both the parent body and the 
nebula. Despite the previous work, much still 
remains to be known regarding the relationship 
between the nephelinization and thermal metamor-
phism in  CO3 chondrites. 
    We have undertaken an extensive survey of 
chondrules in thin sections of seven  CO3 chondrites 
Y81020 (petrologic type 3.0), Kainsaz (3.2), Y82050 
(3.2), Ornans (3.4), Y790992 (3.3-3.5), Lance (3.5) 
and Warrenton (3.7; the classification follows [7]) 
using a scanning electron microscope, and have 
found that chondrules in  CO3 chondrites of 
petrologic subtypes 3.2-3.7 contain various amounts 
of nepheline. We here present the results of our 
detailed mineralogical and petrographic study of 
those chondrules. Our goal was to determine whether 
nepheline in chondrules in the CO3 chondrites 
formed in the solar nebula or in the parent body. We 
especially intended to determine if there is a 
relationship between the nephelinization and thermal 
metamorphism of the host  CO3 chondrites.
General Petrography 
    Chondrules in the  CO3 chondrites range in 
diameter from 50 to 650  gm, but >70% of the 
chondrules are from 100 to 300  gm. To allow com-
parison of the alteration effects, all type I chondrules, 
which are highly magnesian and almost free of Na, 
ranging in diameter from 100 to 300  p.m in each thin 
section of the seven  CO3 chondrites have been 
studied. The number of chondrules studied are: 53 
(Y81020), 216 (Kainsaz), 67 (Y82050), 157 (Ornans), 
90 (Lance), 46 (Y790992) and 137 (Warrenton), and 
766 in total. 
    Olivines in chondrules of the  CO3 chondrites 
show systematic compositional changes due to
thermal metamorphism [8]. Olivines in the Y81020 
CO3.0 chondrite are very forsteritic and show no Fe-
Mg zoning. In the chondrites of higher petrologic 
subtypes (3.2-3.7), however, forsteritic olivine is 
increasingly converted to Fe-rich olivine with 
increasing degree of metamorphism. In some heavily 
altered chondrules in Warrenton, even enstatite 
grains are enriched in Fe along their rims. Those Fe 
enrichments occur preferentially from the margins of 
chondrules to inside, thus the chondrules exhibit 
compositional gradients.
Chondrule Mesostases: Variations with Increasing 
Petrologic Subtype 
Y81020 (petrologic type 3.0) 
    Mesostases of chondrules consist mainly of 
anorthitic plagioclase and glass, both of which are 
smooth on the surfaces and homogeneous in 
composition. All the chondrules show no traces of 
nephelinization except one chondrule. Even plagio-
clase and glass that are in direct contact with the 
matrix show no indication of alteration. These 
characteristics indicate that the chondrules in this 
CO3.0 chondrite represent primary mineralogy and 
texture of igneous origin.
Kainsaz and Y82050 (petrologic type 3.2) 
    In these chondrites, —40% of the chondrules 
show no indication of alteration and have primary 
texture and mineralogy. The rest (-60%) show minor 
various degrees of alteration in their mesostases; 
altered portions range up to 25 volume% of a 
mesostasis. In partially altered chondrules, nepheline 
forms preferentially along 10-20  gm thick zones 
from chondrule dges. Glass is replaced by porous 
aggregates of nepheline-rich particles (0.1-2  p.m in 
diameter). In plagioclase, nepheline forms inter-
growths typically as very thin parallel lamella (<1 
 gm in width) . Otherwise, most part of mesostases 
show a smooth, homogeneous appearance.
Ornans, Lance and Y790992 (petrologic type  3.3-
3.5) 
    In these CO chondrites of intermediate petro-
logic subtypes, mesostases of >90 % of the 
chondrules have been replaced by nepheline or 
nepheline-rich aggregates to various extents; in 
 —14 % of the chondrules, altered portions comprise 
>25 volume% of each mesostasis. The mesostases 
tend to be replaced preferentially from the outer edge 
toward the center of each chondrule. Nepheline 
replaces plagioclase grains along their edges and 
more typically forms parallel lamella in plagioclase 
grains. Diopside crystallites in glass tend to remain
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unaltered; diopside is known to be relatively resistant 
to alteration [9].
Warrenton (petrologic type 3.7) 
    Chondrules in this most metamorphosed CO 
 chondrite show the highest degree of alteration. 
Mesostases of almost all the chondrules have been 
replaced by nepheline or nepheline-rich aggregates to
various extents up to 100 volume%. In heavily 
altered chondrules, alteration involves diopside 
crystallites in glass, forming porous, intimate 
aggregates of nepheline and ferroan diopside. In such 
aggregates, troilite particles (<2  gm in diameter) are 
also commonly contained; they are particularly 
abundant near troilite-bearing opaque nodules. 
Occasionally, small amounts of Cl are detected in 
nepheline-rich areas, suggesting that minor amounts 
of sodalite are intermixed with nepheline.
Discussion 
    Our study has revealed that chondrules in the 
 CO3.0 chondrite consist entirely of primary minerals 
of igneous origin, whereas chondrules in the CO 
chondrites of higher subtypes (3.2-3.7) contain 
various amounts of nepheline as a secondary 
alteration product. Although the degree of nephelini-
zation differs in a wide range within each chondrite, 
there is an apparent systematic orrelation between 
the degrees of nephelinization and thermal meta-
morphism of the host CO chondrites. We also found 
that in chondrules in all the metamorphosed 
chondrites, there is an apparent correlation between 
the degrees of nephelinization and Fe-enrichment in 
olivine and pyroxene phenocrysts; the latter clearly 
resulted from thermal metamorphism. Therefore, we 
conclude that nepheline in the CO3 chondrules 
formed largely as a result of thermal metamorphism 
that occurred on the meteorite parent body. 
    Our observations have revealed that in most of 
partially altered chondrules, nepheline forms prefer-
entially from the outer margins of chondrules and the 
interiors of chondrules remain unaltered. This 
indicates that Na was supplied from outside of 
chondrules through matrix, and at the same time Ca 
reached out from chondrules. We suggest hat the Ca-
Na exchange reaction occurred under the presence of 
aqueous fluids. Although hydrous phases are 
generally rare in CO3 chondrites, there is growing 
evidence that the chondrites have gone through 
considerable aqueous alteration [e.g., 7, 10]. We 
suggest hat the rarity of hydrous phases does not 
necessarily mean the lack of aqueous alteration but 
probably resulted from dehydration that occurred 
after aqueous alteration. 
    Itoh andTomeoka  [11] recently revealed that 
CO3 chondrites contain abundant dark inclusions 
 (DIs) , although much smaller in size than those in 
CV3 chondrites. The DIs have many similarities in 
mineralogy and chemistry to their host CO3 
chondrites, and show evidence for aqueous alteration
and subsequent dehydration. This implies that the 
CO parent body was heterogeneous in distribution of 
aqueous fluids and there was a region or regions in 
the parent body in which such sequential alteration 
occurred. We suggest that the aqueous alteration in 
the  CO3 chondrites took place in the presence of 
relatively small amounts of water. Thus, the 
alteration did not occur extensively and ceased at the 
early stage due to exhaustion of water. Subsequently, 
owing to continuous heating, hydrous minerals were 
dehydrated, and afterward only thermal metamor-
phism proceeded. Therefore, the resultant effects of 
aqueous alteration was limited and spatially hetero-
geneous on small scales.
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ON THE SEARCH FOR A NEODYMIUM-142 
MARTIAN ROCKS. E. Jagoutz, G. Dreibus, and 
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Introduction: 
 '42NdNds a decay product of the extinct radioisotope 
 146Sm (half-life of 103 Ma). It existed 4568 Ma ago 
 (146Sm/144Sm: 0.008±0.0011 [ ]) but was essentially 
extinct after 300 Ma. There is indirect evidence for 
the existence of  146Sm from observation of  142Nd 
variations in the achondrite Angra dos Reis [2] and 
some SNC meteorites [3]. First attempts to find a 
 142Nd anomaly on Earth were simply guided by 
measuring old rocks hoping that some of the Isua 
rocks were derived from an early differentiated 
reservoir. HaTer and Jacobsen [4] reported thefirst 
finding of a 142Nd anomaly in terrestrial rocks from a 
single sample from the Isua supercrustals , but several 
groups challenged this finding. Here we report 
evidence that suggests that s ome of the cratonic 
lithosphere might actually be a remnant of primary 
differentiated crust. 
The beginning of the formation of the proto Earth is 
placed at 4550 Ma, by which time  146Sm was present 
 (146Sm/144SM = 0.00695). In a reservoir with an 
original  chondritic Sm/Nd ratio,  142Nd should have 
today the normal  142Nc1/144Nd ratio of 1.141820; in 
contrast, at 4550 Ma in the early Earth this ratio was 
1.141540. If we find a reservoir that had been 
depleted earlier in Sm, we expect o measure a lower 
than chondritic 142,iN,44                ou1Nd. This effect is limited, 
and a lower limit might be given by total depletion of 
 Sm  4  42  NC1/144Nd  = 1.141498). On the other hand, in a 
reservoir where the  Sm/Nd ratio is higher than 
chondritic (a light rare earth (LREE) depleted 
reservoir); the  142,,   ,144  Nd would be higher than 
chondritic. The enrichment of  142Nd is only limited 
by the degree of early REE depletion (i.e., by the 
Sm/Nd ratio). This enrichment of  142Nd will only 
occur as long as  146Sm was still present.
Experimental  considerations: 
We developed a method to measure high-precision 
 142Nd/144Nd ratios in order to investigate SNC 
meteorites believed to represent rock fragments from 
planet Mars. These meteorites are very expensive and 
the total mass of some of them is only  20g, requiring 
the development of a new method for analysis of 
small samples. We measure Nd as  Nd0+ ions in the 
mass spectrometer. Whereas the measurement of 
 NdO+ is more sensitive, it has an intrinsic difficulty 
(oxygen fractionation), which might limit the 
precision of the  results  .
To eliminate all isobaric interferences (especially 
 '42Ce)
, we established a special chemical extraction 
routine to isolate Nd. However, the challenge was to 
find a mass spectrometric routine to improve 
reproducibility to 7 ppm and precision to 10 ppm. 
"Second order mass fractionation" was carefully
analyzed, and we were able to eliminate the causes of 
this source of error. 
Fractionation of oxygen in the mass spectrometer 
represented a serious problem in our setup. After 
extensive experimentation we were able to overcome 
this obstacle. We now load Nd as  NdC13 and 
carefully evaporate the HC1. The filament is then 
transferred into the MS and evacuated. Then we 
bleed  8x10-7 Ton oxygen into the ion-source. The 
filament is slowly heated so that the NdCl3 is 
converted to  NdO and equilibrated to the oxygen of 
our  02 tank. Oxygen fractionation remains constant 
and does not change over several days of running the 
same filament. We also realized that an only slightly 
"dirty" ion source affects our standard value . 
However, after cleaning of the source the standard is 
back on normal value.
Results: 
Using our new method of oxygen equilibration we 
            2 obtained a14Nd/144Nd ratio for the La Jolla Nd
isotopic standard of 1.141818 ±10. The standard 
solution was cleaned using our standard Nd 
chemistry. The standard run  as performed before 
and after the measurement of each of two Archean 
gneiss samples from the core of the Vredefort Dome, 
which gave these  142Nd/144Nd results: 
 1.141760±10 (LESW) 
          1.141766±9(LESP). 
This corresponds to a difference of 50 ppm  142Nd, 
which is much larger than expected. 
Our suite Vredefort gneiss samples forms a 
 143Nd/144Nd isochronous relation of about 2800 Ma, 
with an initial  143Nd/144Nd of 0.50874, indicating a 
long-term LREE enriched reservoir from which the 
gneisses were formed. Assuming a two-step model, 
the  protolith of these gneisses must have had a 
 147SM/144Nd ratio of 0.1725, which is significantly 
lower than the chondritic (0.1936) value, in order to 
meet the  143Nd/144Nd ratio of 0.50874 at 2800 Ma. 
Using these parameters, we obtained a1465144sm 
ratio of 0.006313 for the Vredefort protolith at the 
beginning. We calculate that the Vredefort protolith 
was formed 14.7 Ma after the beginning of the 
formation of the Earth (4550 Ma) at 4535 Ma. This is 
3 Ma after the Earth was completed according to the 
182fr-,182    VW chronology [5
, 6]. 
The Vredefort Dome represents the central uplift of 
the world's largest known impact structure [7]. There 
is the possibility that the  142Nd actually was inherited 
from the meteorite. We do not believe that this is a 
realistic possibility. Light REE enriched meteorites 
have not been observed yet and the erosion level of 
the crater is so deep that projectile contamination of 
such mid-crustal samples is clearly unlikely. The
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 142Nd/144Nd results indicate that the cratonic 
lithosphere contains remnants of the primary 
differentiation of the Earth. We selected these 
samples for this experiment, as it was felt that there 
were already signs of very early differentiation i the 
chemical composition of the cratonic lithosphere. 
This includes the observation that the cratonic 
ultramafics in South Africa have a higher modal 
abundance of orthopyroxene  pi than the primitive 
mantle. Relatively higher modal orthopyroxene 
abundance was also shown for the Siberian craton 
[9], and Herzberg actually proposed that this might 
be caused by primary differentiation of the Earth 
 [10]. We found that, besides other geochemical 
peculiarities, a depletion of Al is evident in such 
cratonic ultramafics. A geochemical parallelism can 
be found in SNC meteorites which are postulated as 
Martian rocks. 
The composition of the immediate mantle source(s) 
of the parental magmas for SNC meteorites is 
depleted in Al. This Al deficit was caused by a very 
early differentiation indicating by a variation of 
 142Nd measurements in different ypes of the Martian 
meteorites. 
In Nakhlites and in the picritic olivine shergottites 
DaG 476 and SaU 005 we found a positive  E 142Nd 
which indicate that they derived from a LREE 
depleted isotopic reservoir. The depletion of this 
reservoir must have taken place during a very early 
process confirmed by their primitive Sr isotopic 
initials and the low Pb initials. All SNC whole rock 
data of the Rb-Sr isotopes cluster in 3 groups close to 
the meteoritic isochron of 4.55 Ga. Therefore, we 
favored an early crust-mantle differentiation of Mars 
forming 3 distinct isotopic reservoirs, which 
remained isolated since 4.3±0.2 Ga. Measurements 
of 142Nd with the new method in the shergottites Los 
Angeles and Zagami, which should be derived from a 
LREE enriched crustal reservoir, are in progress.
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ORIGIN OF OLIVINE XENOCRYSTS IN ANGRITES: A URELIITE 
CONNECTION? J.H. Jones and G.A. McKay, SR,  NASA/JSC, Houston, TX 770058.
Introduction: 
   A common feature of most angrites is the 
presence of xenocrystic olivine. Typically, these 
olivines are magnesian (up to Fo96) and often show 
significant grain-to-grain variation in Fo content. 
They are also rich in Cr (0.25-0.5 wt.%), and often 
contain blebs of Fe metal and sulfide [e.g.,  1]. Mg-
and Cr-rich olivines have been found in  NWA1670, 
D'Orbigny, LEW87051, and Asuka881371 [1,2]. 
Compared to  phenocrystic olivine in angrites, olivine 
xenocrysts are relatively poor in  CaO. These 
characteristics suggest that the origin of the 
xenocrystic olivines is decoupled from that of the 
angrites, since calcic olivine, along with fassaitic 
clinopyroxene and anorthitic plagioclase, is a 
trademark feature of this meteorite group.
Experimental Contraints on Angrite Xenocryst 
Compositions: 
   Figure 1 shows a plot of olivine forsterite (Fo) 
content vs. oxygen fugacity in terms of log units 
from the  iron-wiistite buffer (AIW) for olivine 
produced by experimental partial melting of the 
Allende chondrite [3]. Two main features are 
noteworthy: (i) There is a good correlation between 
Fo and  fo2; and (ii) the Fo content never exceeds 
–Fo75. The temperatures of the experiments shown 
in Figure 1 ranged from 1170-1325°C, typical 
igneous temperatures. The scatter of the data at a 
given  fo2 is due to this range of temperature. Ascan 
be inferred from Figure 1, either extremely high 
temperatures or extremely reducing conditions would 
be required to produce the Fo96 olivine xenocrysts of
the angrites.
   Figure 2 shows four suites of experimental 
olivines: Diamond symbols — 1-bar partial melting 
experiments of Allende (same as shown in Figure 1) 
[3]; Triangles — 75-260 bar 12002 ureilite smelting 
experiments of [4]; Squares — 30-100 bar 60315 
ureilite smelting experiments [4]; and circles —  13-
75 bar ureilite smelting experiments of [5]. 
Filled/open symbols indicate the presence orabsence 
of spinel, respectively. As  fo2 decreases, the 
 Cr2+/Cr3+ ratio increases, destabilizing spinel [6]. 
The trend evidenced by all but the 60315 
experiments is due to the combined effects of spinel 
destabilization (Crin olivine increases) and reduction 
of  FeO to metal (Fo of olivine increases). No trend 
is seen in the 63015 experiments because reducing 
conditions  (–Fo90) and low bulk Cr contents have 
conspired to destabilize  spine]. The urelite smelting 
experiments of [5] are shown as spinel-free because 
that is the phase assemblage the authors reported. 
However, it seems highly likely that cryptic spinel 
exists in the low-Cr (higher pressure) experiments.
No other reported phase from this study 
possibly change Cr contents by a factor of 4.
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  Figure 2 illustrates that forsteritic olivines with 
high Cr contents are best produced at high 
temperature and low  foe. Unlike the chondrite 
partial melting experiments, the ureilite smelting 
experiments produced quite forsteritic olivines  (Fos,_ 
96) even though none of these experiments was more
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reducing than  IW-1 or higher in temperature than 
1220°C [4,5]. The most obvious reason for this 
difference is that the ureilite smelting experiments 
were all graphite saturated. This means that he "Fe-
metal" produced in these experiments was actually 
graphite-saturated Fe-C liquids on the C-rich side of 
the Fe-C eutectic. This means that he activity of Fe 
in these liquids was substantially lower than unity. 
At a given  fo2 this also requires that the activity of 
 FeO in olivine be substantially lower than in the 
chondrite melting experiments where (below  IW) the 
activity of Fe metal should be 0.8-0.9. Thus, we 
argue that the angrite xenocrysts are most likely 
produced by the combination of high temperature, 
low  fo2, and C-saturated metal.
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Implications for the Angrite Parent Body: 
  The conditions we infer to pertain during the 
formation of the angrite xenocrysts are in contrast to 
those inferred for angrites themselves. Although the 
olivine xenocrysts are most easily formed at fo2's 
near  IW-1, angrites are thought to have formed at 
 fo2's grreater than  IW [3]. It is the presence of large 
amounts of oxidized Fe (as  FeO) that produces the 
silica undersaturation that is the most conspicuous 
characteristic of the angrites. 
   Jurewicz et al. [7] argued that it was 
theoretically possible to produce both angritic and 
eucritic melts on the same parent body if the  fo2 were 
controlled by the presence of graphite. At low 
pressure (as in the experiments of [4,5]) graphite 
produces reducing conditions. At high pressure 
(-100-200 bar),  graphite-CO-CO2 equilibria will 
cause the redox conditions to be more oxidizing [8] 
and metal will be destabilized. Conceptually, 
therefore, it is possible to have a range of several log 
units of  fo2 within a single parent body, as 
determined bythe local pressure, if redox conditions 
are controlled by graphite reactions. It is therefore 
not out of the question for angritic and ureilitic 
assemblages to exist on the same parent body. In 
fact, angritic fragments with calcic olivine have been 
found in polymict ureilites [9]. 
   Note that we have consistently used the terms 
"ureilitic" and "angritic" in this last discussion. We 
are certainly aware that oxygen isotopic onstraints 
preclude the macroscopic angrites and ureilites being 
from a single, homogenized parent body. However, 
we are unaware of any evidence that would disallow 
a single parent body origin for microscopic 
components within macroscopic samples: i.e., the 
angritic fragments in polymict ureilites or the Fo-rich 
xenocrysts in angrites. Therefore, we suggest that 
the combination of Fo-rich olivine xenocrysts in 
angrites and the presence of angritic fragments in
polymict ureilites trongly suggests some connection, 
either petrologic or geographic, between angritic and 
ureilitic lithologies.
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Introduction: 
    Ratios of several cosmogenic radionuclides are 
now often used to get terrestrial ages of Antarctic and 
other meteorite falls  [1]. Terrestrial ages are now 
more important han before because of the long times 
that many meteorites recently recovered in Antarctica 
and from hot deserts were on the Earth's surface. 
    The ability to measure low concentrations of 
many long-lived radionuclides in small samples is 
now greatly enhanced by the use of accelerator mass 
spectrometry  [1]. In addition, radionuclides almost 
never measured before are now readily measured, 
such as  1.5-Myr  1°Be and 104  kyr  41Ca. 
   Ratios usually vary less than production rates 
with changes in the shielding of a meteoroid from 
cosmic-ray particles. Both the meteoroid's 
pre-atmospheric size and the distance that a sample 
was from the pre-atmospheric surface affect 
production rates of cosmogenic nuclides. Using the 
measured concentration of a long-lived radionuclide 
such as 10Be and its ratio to a shorter-lived 
radionuclide such as36C1 gives a better estimate of 
the pre-fall concentration of  36C1 than using other 
approaches, uch as assuming a constant value. A 
better estimate of the pre-fall concentration of this 
radionuclide then gives a better terrestrial age using a 
measured concentration i a fall. 
   Numerical simulations were done using the 
code MCNPX to study some of the ratios used 
recently for such work,14C/10i                     Bein bulk  [2] and 
36C1/10Be [3]
,  41Ca/36Cl [4], and36CU26Al [5] in the 
metal phases of chondrites. The 41Ca/36C1 ratio also 
was used to study the terrestrial ages of iron 
meteorites [6]. We wanted to check the observed 
trends for these ratios in chondrites as a function of 
the activity of the longer-lived radionuclide and to 
see where the trend might break down. 
Numerical simulations: 
   The recently-developed computer code MCNPX 
(Monte Carlo N Particle eXtended) was used to 
numerically simulate the interaction of 
galactic-cosmic-ray (GCR) particles with meteoroids 
in space. Details on this type of application of 
MCNPX are described in [7]. Initial work with 
MCNPX for production rates of cosmogenic 
radionuclides in the L-chondrite Knyahinya as a 
function of pre-atmospheric depth agreed well with 
measurements [8], although the values used to 
normalize to the effective intensity of the GCR 
protons varied slightly among the radionuclides. 
   We used the CEM (Cascade-Exciton Model) 
option of MCNPX. This model provides new 
approximations for the elementary cross sections,
which are used in the intranuclear cascade for 
high-energy particles, using more precise values for 
nuclear masses and paring energies, and corrected 
systematics for the level-density parameters. 
   Equal depth intervals for 86 concentric surfaces 
were used for each set of calculations for radius of 10, 
25, 50, 75, 100, 200, or 500 cm. The L-chondrite 
bulk composition with a density of 3.7  g/cm3 was 
used to obtain neutron and proton fluxes as a 
function of depth. An average spectrum of GCR 
protons was used [7]. 
   Production rates for these nuclides in both metal 
and stone phases of chondrites were obtained using 
these calculated neutron and proton fluxes and cross 
sections for the reactions that make each nuclide of 
interest. The effective flux for each nuclide 
determined previously [8] for Knyahinya was used to 
generate absolute production rates for spallogenic 1
0Be, 14C, 26A1, and 36C1. The effective proton flux 
used for  41Ca was the value for  36C1. These 
effective fluxes were mainly based on production in 
the stone phase. We need to do more testing of 
production in the metal phase. 
Results: 
   The calculated production ratios as a function of 
the calculated production rate for making the 
longer-lived radionuclide are discussed below for the 
four radionuclide pairs for the seven different radii 
from 10 to 500 cm (37 to 1850  g/cm2). 
    1410 i      ClBein bulk: The production ratios for 
14C/10 i    Bein the bulk composition as a function of the 
10Be production rate are shown in Figure 1 along 
with some measured points from [9]. These 
calculated ratios range from —1.4 at the surface of 
small meteoroids to —3.5 for deep samples in larger 
meteoroids. Most of the ratios are higher than the 
ratio of 2.5±0.1 adopted by [2]. However, 
meteoroids with pre-atmospheric radii of —25-100, 
the most common size for chondrites, scatter around 
2.5 but with a spread greater than0.1. Our 
calculations indicate that using theC/10Be ratio to 
get a rate for 14C would yield slightly high values for 
cases of light shielding (near surface locations or 
very small pre-atmospheric size) and slightly lower 
values for very large radii. 
    36 10 i      Cl/Bein the metal phase: The production 
ratios of36CU10i             Bein chondritic metal varied from 
—3.7 in well-shielded samples  (10Be concentrations 
<1  atoms/min/kg-metal) to —5.3 in surface and other 
lightly shielded samples. This trend is opposite that 
reported by [3] of a  36C1/10Be ratio of 5.98 for 
well-shielded samples and dropping to —3.5 for the
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highest 10Be activities. 
    41C
a/36C1 in the metal phase: In chondritic 
metal, the production ratio of 41Ca/36C1 is —1.3 for 
lightly-shielded samples (36C1 production rates of 
 —20  atoms/min/kg-metal) nd increases to  --2.1 for 
very heavily shielded samples. Our ratios are 
slightly higher that the range of  —1.0-1.4 shown in 
[4] and the value of 1.09±0.10 reported by [6] for 
iron meteorites. (The effect of a pure metal matrix 
to a stony one should not have a large effect on this 
ratio.) Most of our calculated 41Ca/36C1 ratios are 
1.5±0.2, confirming that this ratio does not change 
much in most meteoroids. 
    360/26A1 i
n the metal phase: The production 
ratio of 36C1/26Al in chondritic metal varied from 
—4.7 in surface and other lightly-shielded samples to 
 --5.1 in well-shielded samples. The trend of the 
higher ratios being for the samples with the lowest 
concentrations of  26A1 is the same as observed by [5], 
although our ratio did not drop much while that in [5] 
decreased from 7.8 to —5.
Conclusions: 
   The production rates and ratios obtained using 
MCNPX-calculated particle fluxes and cross sections 
for14C/10i        Bein bulk chondrites and for 41Ca/36C1 
   3626i andCl!Alin the metal phases of chondrites 
usually were consistent with reported trends. For 
unknown reasons, our calculated trend forC1/1Be 
versus 10Be was different from that reported by [3]. 
   Because our calculations for the production of 
cosmogenic radionuclides in the bulk or 
non-magnetic phase of the Knyahinya L-chondrite 
agreed well with the measurements, the problems are 
probably in the cross sections used to get the 
production rates in the metal phase. Work on 
getting better cross sections i needed using existing 
meteorite data, measurements from experimental 
simulations with thick targets [e.g. 10], and 
especially using cross sections measured with 
energetic neutrons  [11]. 
   With well-tested cross sections for making these 
radionuclides from metal, calculations like those 
reported here will be useful to confirm the use of 
production ratios to get terrestrial ges and to suggest 
additional ratios to use to get terrestrial nd exposure 
ages. Such calculations also would indicate 
shielding or other cases where the trend lines are not 
good.
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   Figure 1. The calculated14C/10Be ratio is 
shown as a function of the calculated  10Be 
production rate for bulk material. The curves are 
from the pre-atmospheric surface (lower ratios) to the 
center for 7 radii of L-chondrites ranging from 10 to 
500 cm. Also shown are points based on 
measurements by [9] in samples of Knyahinya (R = 
45 cm).
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   Introduction: 
   Refractory inclusions are classified into several 
groups by REE pattern. Although ultrarefractory 
inclusions with highly HREE-enriched patterns are 
rare, they are very important material in chondrites, 
because such inclusions were probably formed at the 
earliest stage of the solar nebula. Hiyagon et al.  [1] 
reported the first discovery of an  ultrarefractory 
nodule, "Hendrix", in a fine-grained inclusion (AFG-
1) from Allende (CV). Recently, we have found two 
more ultrarefractory-element-rich nodule and 
inclusion from Efremovka (CV) and Murchiosn 
(CM). Here we report heir mineralogical features.
    Results and Discussion: 
   Hendrix in Allende AFG-1 consists of spinel, 
Ca-pyroxene and perovskite with Zr-oxide, refractory 
metal and Ca-Mo-W-phase  [1]. Hendrix shows an 
ultrarefractory REE pattern [1].  EF1A-1 (5 x 3 mm) 
from Efremovka is an extremely fine-grained 
inclusion which consists of abundant tiny nodules, 
<10 microns in size, being made of spinel, Ca-
pyroxene and less perovskite. This inclusion contains 
a single anomalous nodule, "Himiko", which is 130 x 
70  inn in size, and consists of Zr-Sc-Ti-oxide, 
perovskite, hibonite and Ca-pyroxene, with grossite, 
melilite, spinel and refractory metal. An inclusion, 
named "Romulus", 270 x 110  ptm in size, was 
recovered from a freeze-thaw disaggregation f a 
Murchison piece. It consists of Ca-pyroxene,  Zr-Y-
Ti-oxide, spinel and refractory metal, and is 
surrounded byforsterite rim. No perovskite, hibonite 
and melilite are encountered in this inclusion. 
       Perovskites in Hendrix and Himiko 
contain 1.4-4.9 and 1.8-2.9 wt.% Zr02, and 1.1-4.6 
and 3.6-6.3 wt%  Y203, respectively. Perovskite in 
Himiko contains 0.6-1.2 wt.% Er203, measured by 
EPMA. Ca-pyroxenes in Hendrix, Himiko and 
Romulus how large compositional variations:  3.2-
31.1, 8.7-41.8 and 1.1-25.6  wt%  A1203, 0.2-13.2,  0.3-
4.6 and 0.05-12.4  Ti02, 0.03-5.7, 0.03-5.4 and  0.03-
1.8 Sc203, and 0.2-3.9, 0.2-2.4 and 0.2-8.8 Zr02, 
respectively. High contents of Sc and Zr characterize 
pyroxenes in these nodules, and Sc/Zr ratios in 
Hendrix and Himiko are consistent with the solar 
abundance ratio. Low  TiO2 and high  A1203 contents 
are noticed in pyroxene ofHimiko. 
       Although the occurrence of Zr-rich oxide 
is common to these nodules, its mineral chemistry is
highly variable. Zr-oxide in Hendrix seems to be 
Zr02. On the other hand, Zr-rich oxides in Himiko
and Romulus contain 41.9-50.1 and 59.2-74.9 wt% 
Zr02, 30.1-32.5 and 0.7-1.9 Sc203, 0.3-0.8 and  6.1-
12.1 Y203, and 8.9-14.5 and 3.8-15.8  TiO2, 
respectively. The chemical compositions of the Zr-
rich oxide phases in Himiko and Romulus are similar 
to those of Zr-Sc-oxide in Acfer 182 [2] and Zr-Y-Ti-
oxide in Ornans [3], respectively. The Zr-rich oxide 
phase in Romulus contains 1.1-2.1 wt.% Er203 and 
0.4-0.9 Dy203. Refractory metals in Hendrix, Himiko 
and Romulus contain 12.4-32.9, 7.2-17.2 and  1.1-
24.5 atomic% Ru, 0.6-2.6, 1.3-2.0 and 0.5-3.3 Re, 
9.0-27.8, 20.0-27.1 and 5.7-37.8 Os, and 9.0-25.9, 
21.2-28.4 and 1.9-20.5 Ir, respectively. Only metals 
in Hendrix contain 0.2-6.8 atomic% Pt and 0.05-0.7 
Rh. In the metals of Hendrix, Himiko and Romulus, 
Re, Os and  Ir ratios are approximate to the solar 
ratios, whereas RuJOs ratios are lower than the solar 
ratio. 
        Although REE concentrations have not 
yet been measured for Himiko and Romulus, we 
expect that Himiko and Romulus will show 
ultrarefractory REE patterns like Hendrix, as 
indicated by the high concentrations of Er in some 
phases. The common occurrence of Zr-rich oxides in 
many ultrarefractory inclusions [e.g., 4-5], also 
supports this idea. Our study implies that the 
siderophile and lithophile elements of the highest 
condensation temperatures, such as Re, Os, Ir, W, Zr, 
Sc, Y and HREE, condensed together into some 
nodules, and comprised fine-grained inclusions along 
with other nodules in Allende, Efremovka, and 
perhaps Murchison. Further REE and isotopic 
analyses are under way [6] for clarifying their 
ultrarefractory nature, elemental fractionation, and 
formation conditions.
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Introduction 
   Eucrirtes and diogenites are recognized as major 
constituents of a suite of meteorite lithologies (HED) 
known to be related through  0-isotope systematics 
 [1]. Eucrites probably originated from the asteroid 4 
Vesta, and there are suggestions of a possibly 
diogenitic region on Vesta [2][3]. They are believed 
to be remnants of an ancient magma system. But after 
crystallization, they experienced shock and thermal 
metamorphism [4][5]. Because reactions due to shock 
occurred after the magmatic processes ceased, the 
characterization of variable constituent phases could 
help to determine the shock condition of meteorites. 
A study that accessory minerals formed in situ in 
meteorites, is thus needed to obtain more precise 
information on impact and thermal history of 
meteorites. 
   A silica polymorph, usually tridymite, is 
commonly observed as tiny droplet inclusions in 
eucrites and diogenites. For example, tridyimite 
inclusions have been observed in the diogenites 
Johnstown and  Peckelsheim [6], and cristbalite 
inclusions in the diogenite Tatahouine [7]. 
    Here we present he results of major and trace 
element study of glass inclusions in eucrites and 
diogenites. This study discusses the possible genesis 
of the glass inclusions in  eucries and diogenites. 
Sample and experimental technique 
   Polished thin sections and polished sections 
were prepared from the chip of a cumulate eucrite 
 Dofar007 and the chip of two diogenites Johnstown 
and Tatahouine. They were studied using an optical 
microscope, JEOL  JXA-8621 an electron prove 
microanalyzer (EPMA) equipped with scanning 
electron microscopy (SEM) and laser ablation 
inductively coupled plasma mass spectrometry (LA-
ICP-MS) in the University of Tsukuba. Major 
element compositions of glass inclusions and host 
minerals were measured with EPMA and trace 
element abundances with LA-ICP-MS.
Results 
    Numerous glass inclusions occur in a few 
pyroxene crystals of Johnstown, Tatahouine and 
 Dhofar007 and in a few plagioclase crystals of 
 Dhofar007 and their size range is generally <20 
micrometers. Some of these show multiphase glass 
inclusions with daughter crystals such as chromite, 
metal and troilite and/or gas bubbles. As regards 
Dhofar007 and Johnstown, they seem to be arranged
in non-crystallographic planar arrays. Furthermore 
those of Johnstown are elongated in the direction of 
cleavage of orthopyroxene that is host mineral  (Fig.1). 
Those of Tatahouine show irregular shape and seem 
to be located ramdomly. Actually glass partitions had 
been crystallized by thermal annealing and have 
varied to tridymite or cristobalite according to 
previous descriptions [6][7]. 
    The result of microprove analysis indicated that 
glass inclusions in Dhofar007, Johnstown, and 
Tatahouine, are remarkably rich in silica and poor in 
alkali elements. Regarding trace element abundances 
of glass inclusions in Johnstown, especially Na, Rb 
and Pb are concentrating compared with 
orthopyroxene host mineral. And in Dhofar007, 
especially Na, Zr and Nb are concentrating compared 
with plagioclase host mineral. But they are not 
concentrating asmagmatic melt. 
Discussion 
    Several generations of inclusions in minerals are 
usually classified as "primary" and "secondary" 
inclusions [8]. Primary inclusions are typically single 
inclusions or form small groups of inclusions 
(cluster) in an otherwise inclusion-free crystal. 
Secondary inclusions typically occur in trails and 
usually contain trapped fluids that provided healing 
of the previously fractured crystal. Most of glass 
inclusions found in this work are considered as 
secondary inclusions from their petrography. 
Consequently, they can be introduced at any time 
after the information of the crystal and carry no 
information on the crystal growth conditions. Indeed, 
they show crystalline optically but their generation 
will be secondary inclusion. 
    Several processes have been invoked the 
formation of silica-rich glass inclusions. A very likely 
process to produce highly-silicic melt could be very 
low-degree partial melting [9]. According to trace 
element abundances of glass inclusions, they may not 
have originated from late-stage melt on the parent 
body.
Conclusions 
   The highly silica-rich melt in the inclusions 
could be produced by a partial melting of diogenite 
with low degree of partial melting, which may relate 
to thermal evolution of the parent body or to shock 
events. The depletion of alkali elements in the 
inclusions reflects possibly an alkali-poor nature of 
diogenite, suggesting a loss of alkali elements from
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the HED parent body during and/or before a 
formation of the diogenite layer.
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 Figurel. An optical micrograph showing glass inclusions in 
a Johnstown orthopyroxene single crystal. Transmitted light, 
opened polars. Glass inclusions are arranged in  non-
crystallographic planar arrays and associated with troilite and 
chromite particles. Scale bar =  lrrun.
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Introduction: 
       Recently, a lot of basaltic shergottites have 
been found from the desert areas in northern Africa 
and Middle East Asia. Most of them contain large 
olivine grains that are not present in the previously 
known basaltic shergottites (except for  EETA79001). 
These olivine grains are mostly Mg-rich, but they 
show different mineralogical features in each 
meteorite. Dar al Gani 476 and its paired samples 
(DaGs) are mainly composed of olivine, pyroxene 
and plagioclase (now shock-transformed into 
"maskelynite") (Fig. 1). Olivine is present as a 
megacryst, and is zoned from Fo76 to Fo58. Olivine 
shows variable shapes from nearly euhedral grains to 
anhedral grains, and some olivine grains look like 
fragments. Pyroxene in Dar al Ganis is more 
Mg-rich than those of the other basaltic shergottites, 
and rather similar to those in  lherzolitic shergottites 
[1,2]. Major and trace elemental study indicates the 
relationship between olivine in EETA79001 lithology 
A (EETA) and  lherzolitic shergottites [3,4]. DaGs 
and EETA are also similar in petrology and 
mineralogy although they show some obvious 
differences [2,5]. Therefore, DaGs are believed to 
offer significant information on the relationship 
between lherzolitic shergottites and basaltic 
shergottites or other martian meteorites. Based on 
the compositions of olivine, pyroxene,  spinel, and 
ilmenite, oxygen fugacity under DaGs crystallization 
was estimated to be about QFM-2.3 [6].
Previous works: 
        We performed crystallization experiments 
with the bulk composition of DaGs and found that 
olivine crystallized as a liquidus phase [7]. This 
olivine is much more Mg-rich  (Fo88) than those of 
DaGs (Fo76), suggesting that the bulk composition of 
DaGs does not represent i s parent melt composition 
and the olivine in DaGs is too Mg-poor to be in 
equilibrium with the bulk composition. The bulk 
composition of DaG 476 groundmass was analyzed 
by grid analysis with electron microprobe. The 
calculation result by the MELTS [8] using this 
composition shows that the liquidus phase of the 
groundmass composition is also olivine (Fo88).
Origin of Olivine in DaGs: 
       The problem whether olivines in DaGs are 
phenocrysts or xenocrysts is still unsolved. In this 
study, we discuss the origin of olivine megacryst by 
the following three models. The model (1) consider
the phenocryst origin, and models (2) and (3) 
consider the xenocryst origin. 
       (1) The first model is that olivine is a 
phenocryst, hence, crystallized from the same melt as 
the parent melt of groundmass pyroxene. We 
estimated the melt composition that crystallizes 
olivine and pyroxene having identical compositions 
to those in DaGs (Table 1). The composition which 
crystallizes DaGs olivine has lower fe# (0.57) than 
those of pyroxene (0.63), indicating that olivine 
crystallized followed by pyroxene crystallization. 
Then, olivine and pyroxene were zoned by the 
fractional crystallization. 
       (2)The second model is that the diffusion 
process formed the zoning of DaGs olivine. Olivine 
having the homogeneous composition (Fo76), which 
is similar to those of lherzolitic shergottites, was 
incorporated in the Fe-rich melt, and Fe and Mg 
diffused between olivine and melt producing zoning 
pattern in olivine. We tested whether the diffusion 
could produce the zoning pattern in DaGs olivine 
with the diffusion calculation by using Fe-Mg 
diffusion coefficient by Misener [9] and the results 
are shown in Fig. 2a. Diffusion could reproduce the 
zoning pattern similar to that in DaGs olivine, and 
the estimated cooling rate is about 0.1  °C/hr. This 
cooling rate corresponds to the burial depth of about 
3 m, indicating that the diffusion process occurred at 
very shallow area. Based on this model, the 
following processes are needed to produce DaGs. 
(1) Homogeneous Fe-rich olivine crystallized (like 
olivine in lherzolitic shergottite? (e.g., [10])). (2) 
Olivine was incorporated in the Fe-rich melt as 
xenocryst, and zoned by the diffusion. (3) Then, 
zoned olivine was incorporated again in the Mg-rich 
parent melt of DaGs groundmass (fe#  — 0.63) as 
xenocryst. 
      (3) The third model is that olivine 
crystallized in the comparatively Fe-rich melt by the 
fractional crystallization producing chemical zoning, 
then was taken in the Mg-rich parent melt of DaGs 
groundmass. The cooling rate for olivine 
crystallization seems rapid because rapid cooling was 
necessary to keep the olivine zoned during the 
groundmass crystallization. Mikouchi et al. [2] 
estimated the cooling rate of DaG476 groundmass at 
0.03-3°C/hr to prevent diffusive modification of 
Fe-Mg zoning of olivine, implying that the original 
olivine zoning was formed at the cooling rate faster 
than this value (Fig. 2b). 
       All of these models are possible, but each
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model bears some problems. For the model (1), the 
fragment-like texture of olivine megacryst (Fig. 1) 
implies the xenocryst origin of olivine megacryst 
although this fact cannot completely rule out the 
phenocryst origin hypothesis like early phenocrysts 
(e.g., [11]). For the second model, it is difficult to 
consider the incorporation of  Fo76 olivine into the 
very Fe-rich melt. The DaGs formation process 
based on this model, which is mentioned above, 
seems too complex to occur on martian surface or 
subsurface. Therefore, it is thought hat the third 
model is the most plausible as the origin of the 
olivine megacryst. However, this model also 
includes something to be solved. Almost all 
megacrysts in DaGs are olivines although the 
calculation result by the MELTS software with the 
estimated composition in Table  1 showed pyroxene 
crystallization immediately after the onset of olivine 
crystallization, and hence, it is easily inferred that 
abundant pyroxenes had been present when olivine 
was incorporated in the parent melt of DaGs 
groundmass. Thus, we need to consider some 
process to remove olivine from pyroxene (e.g. 
accumulation of either phase). We are going to 
perform further crystallization experiments to 
explore these problems.
References:  [1] McSween H. Y. et al. (1996) GCA, 
60,4563-4570. [2] Mikouchi T. et al. (1998)  MAPS, 33, 
 181-189. [3] McSween H. Y. and Jarosewich E. (1983) 
GCA, 47, 1501-1513. [4]  Wadhwa  M.  et  al. (1994) GCA 
58,  4213-4229. [5] Wadhwa M. et  al. (1998) MAPS, 33, 
 321-328. [6] Herd C. et al. (2002) GCA, 66, 2025-2036. 
[7] Koizumi E. et  al. (2003)  34th LPSC, 1567 (abst) [8] 
Ghiorso M. & Sack R. (1995) Contrib. Mineral Petrol., 
119, 197-212. [9] Misener D. J. (1974) Geochemical 
Transport and Kinetics, 117-129. [10] Lundberg L. L. et 
 al. (1990) GCA, 54, 2535-2545.  [11] Zipfel J. et  al. 
(2000) MAPS, 35, 95-106.
Fig. 1. The Mg chemical map of Dar al 
Gani 476. 01 = olivine, Px = pyroxene, Ms 
= maskelynite .
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Table 1. The bulk composition of DaG and the 
estimated compositions of parent melts of (1) 
olivine megacryst and (2) pyroxene in groundmass.
DaG bulk 
composition
Calculated 
composition 
  (1)
Calculated 
composition 
  (2)
 SiO2 
 TiO2 
 A1203 
 FeO 
 MnO 
 MgO 
 CaO 
 Na2O 
 K2O 
 Cr2O3 
P20,
49.3 
0.38 
4.43 
16.8 
0.44 
20.1 
8.01 
0.55 
0.04 
0.53 
0.42
42.6 
0.40 
9.56 
23.2 
0.46 
11.1 
11.5 
 0.58 
0.04 
0.44 
0.20
48.8 
0.34 
8.13 
21.7 
0.39 
7.11 
12.2 
0.50 
0.03 
0.37 
0.45
Total 100 100 100
fe# 0.35 0.57 0.63
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Introduction: 
   Amoeboid olivine aggregates  (AOAs) are 
irregularly-shaped, 100  iim to 5 mm in size, 
fine-grained objects that constitute a few vol.% of 
meteorites in most carbonaceous chondrite groups. 
Previous tudies concluded that  AOAs are aggregates 
of solar nebula condensates which continued toreact 
with the solar nebula vapor to the temperature to 
form phyllosilicates. However, these studies are 
largely from the  AOAs from the oxidized CV3 
chondrite Allende which experienced secondary 
alteration. Based on the mineralogical study of the 
reduced CV3 chondrites, we have recently suggested 
that  AOAs experienced high temperature annealing 
without substantial melting and were subsequently 
isolated from high temperature nebular gas, possibly 
by physical removal, e.g. by X-wind  [1]. Annealing 
and a small degree of melting of  AOAs are supported 
by olivine triple junctions, "doughnut-shaped" 
forsterite, the presence of rounded FeNi-metal 
nodules in some  AOAs and relatively compact 
textures. In order to examine the possibility o 
high-temperature annealing of  AOAs, isothermal nd 
cooling experiments of constituent minerals of  AOAs 
have been performed.
Methods: 
   Pellets of powdered mixtures of synthetic 
forsterite  (Foloo) + terrestrial anorthite (An96) were 
placed in Pt-wires and heated to temperatures to 
cause incomplete melting under the oxygen fugacity 
of the  IW buffer. Pellets were heated at 1288 to 
1450°C for 1-3 hours in isothermal experiments, and 
at 1288 to 1450°C for 1 hour and then cooled at rates 
between 10-500°C/h in the cooling experiments. The 
charges were made into thin sections for microscopy 
and measurements of the chemical compositions 
using JEOL 8900L and JEOL JSM 73311 
microprobes. Crystallographic information was 
obtained using a NORAN phase ID EBSP system 
attached to Hitachi S-4500 SEM.
Results: 
   Isothermal experiments of forsterite+anorthite 
heated under the oxygen fugacity of  IW showed that 
a high-Ca pyroxene-like phase was produced from 
the reaction of forsterite and anorthite when they are 
heated around 1318 °C.  (Fig.1d) In the cooling 
experiments of forsterite and anorthite mixtures, 
high-Ca pyroxene-like phase was observed in the 
charges heated at >1308°C, which also resulted in 
incomplete melting of forsterite and anorthite. It
appears that the slowly cooled charges have slightly 
less of the high-Ca pyroxene-like phase than the 
rapidly cooled charges. It also seems that the grain 
size of the high-Ca pyroxene-like phase becomes 
larger in the slowly cooled charges than in the 
rapidly cooled charges in which lath-shaped anorthite 
and high-Ca pyroxene are common. 
   Based on the chemical analysis, the high-Ca 
pyroxene-like phase observed in isothermal charges 
has lower Si02 and  CaO contents than high-Ca 
pyroxene of  AOAs. Chemical compositions of the 
high-Ca pyroxene-like phase in the 
forsterite+anorthite charges of cooling experiments 
overlap with those of Al-diopside in  AOAs. 
Heating experiments with the addition of 5 wt.% 
perovskite to the starting materials were also 
performed in order to examine the behavior of Ti. 
The textural changes after the heating are almost 
same as those of forsterite+anorthite mixtures. The 
chemical composition of high-Ca pyroxene-like 
phase in perovskite bearing charges is higher in  TiO2 
and lower in Si02 than forsterite+anorthite charges.
 Fig.l. BSE images of forsterite+anorthite charges of isothermal 
experiments (a-d) and AOA  (f). fo; forsterite, an; anorthite, cpx; 
high-Ca pyroxene like glass phase,  gl; glass.
 M=4  13' a 
             to'h 
 r  Ig.L.  DOL. 1111a6cb 
experiments. fo; forst 
glass phase,  gl; glass.
 l ,. non itua6cb  iv,  J1,111,  annul  thite charges of cooling 
erite, an; anorthite, cpx; high-Ca pyroxene like
   The Electron Back Scattering Diffraction 
pattern measurements (EBSD) technique can provide 
crystallographic information from micron-sized 
regions. It is shown that clear Kikuchi bands appear 
in major minerals from  AOAs (Fig. 3). Although no 
Kikuchi bands were observed in the high-Ca 
pyroxene-like phases in the charges from isothermal
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experiments, clear Kikuchi bands were observed in 
the high-Ca pyroxene-like phase in the charges from 
cooling experiments, indicating they are crystalline 
(Fig. 4).
Discussion: 
  The most characteristic texture of  AOAs is that 
the anorthite (sometimes associated with spinel and 
 Al,Ti-diopside) core is rimmed by Al-diopside which 
overgrows olivine  (Fig.5). If  AOAs originate as 
condensate assemblages, as proposed by [2], their 
textures can not be explained by a simple equilibrium 
condensation model. On the basis of mineralogical 
examinations, the mineralogical sequence observed 
in  AOAs is from core to rim: spinel, accessory 
perovskite and melilite, Al,Ti-rich  diopside--* 
 anorthite—+Al-diopside--*forsterite.The observation 
that anorthite is rimmed by Al-diopside, which in 
turn is rimmed by fosterite, is in conflict with 
equilibrium condensation calculations [e.g., 3], 
which predict condensation of forsterite prior to 
anorthite. If anorthite in  AOAs is not a condensation 
product, but a secondary mineral that replaced 
primary melilite, as suggested by [4], it also runs 
counter to the observation that  spinel is rimmed by
anorthite. The mineralogy of  AOAs implies that 
 spinel formed before melilite, and this is inconsistent 
with equilibrium condensation calculations that 
indicate that melilite should condense prior to spinel 
from a gas of solar composition. This inconsistency 
with the equilibrium condensation calculations is 
also observed in fine-grained spinel-rich CAIs [5]. 
  In addition, the mineral chemistry is also at odds 
with the condensation origin of  AOAs. The trend of 
bulk compositions of  AOAs on the 
 Ca2SiO4-Mg2Sia4-Ca2SiO4 plane does not seem to 
coincide with the composition of the trend of bulk 
condensed solids formed by equilibrium 
condensation as calculated by [6]. On the other hand, 
bulk compositions plot on the mixing line of olivine 
and anorthite, indicating their petrogenetic link to 
forsterite and anorthite. 
   Comparative studies of heating experiments and 
electron back scattering diffraction pattern with 
mineralogy of  AOAs suggest that Al-diopside in 
 AOAs can be produced by a small degree of melting 
of forsterite and anorthite. It is also shown that small 
amount of perovskite would have been involved in 
the reaction. Formation of Al-diopside from forsterite 
and anorthite is consistent with the annealing textures 
observed in  AOAs, and it may account for the 
inconsistency of the observed mineralogy of  AOAs 
with the equilibrium condensation calculations, 
different occurrences of two types of diopside 
 (A1,Ti-rich diopside and Al-diopside), andvariable 
 A1203 contents of Al-diopside.
       000821 15.0k V >42.50K 12.0prr, 
Fig.5. BSE image  ofAOA from  Etremovka. 
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Amino acids and hydrocarbons in the Sayama and 
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   Carbonaceous chondrite contains small amount 
of carbon. Most of that is present as amorphous 
type carbon and a small fraction is present as 
extractable organic compounds. In this study, we 
have analyzed two carbonaceous chondrites for 
amino acids and polycyclic aromatic hydrocarbons 
(PAHs). 
Samples and analytical methods: 
   Samples used in this study were Sayama 
meteorite and  Asuka-881955 Antarctic meteorite. 
Both meteorites are CM2 carbonaceous 
chondrite[1,2]. The contents of C and N in Sayama 
are 1.99% and 0.08%, respectively[2]. 
   About 500mg of each meteorite sample was 
pulverized and extracted with  1.5mL of water at 
100°C for  17hr in a degassed and sealed glass tube. 
To the water extract, 3 mL of 6M  HCl was added and 
hydrolyzed at 110°C for 20hrs. The hydrolyzed 
solution was evaporated to  dryness, followed by 
derivatization of the amino acids to their 
trifluoroacyl-isopropyl esters. For PAH analysis, 
organic solvent was added to each residue of the 
water extraction. The organic extract was treated 
with reduced copper for the removal of sulfur, and 
was applied to silica gel column chromatography to
get PAH fraction. The amino acid fraction and PAH 
fraction were analyzed by gas chromatography-mass 
spectrometry. 
Results and discussion: 
   Fourteen amino acids were detected from the 
Sayama, whereas 13 amino acids were detected from 
the  A-881955. The mass chromatograms of the 
Sayama are shown in Fig.  1. The detected amino 
acids were glycine, alanine, 13-alanine, isomers of 
aminobutyric acid and so on. Concentration of each 
amino acid from the Sayama was less than 10 nmol/g. 
Contents of proteineous amino acids such as alanine 
and valine were relatively high compared to those of 
the other amino acids. Also large excess of L-
isomer was found for alanine (Fig.  1  b). These 
results uggest hat most of these amino acids may be 
derived from terrestrial contamination. However, 
various non-proteineous amino acids were found as 
racemic (Fig.  1c). Those were signatures for 
indigenous amino acids in the meteorite. Therefore, 
the Sayama contains amino acids of extraterrestrial 
origin. The concentration of each indigenous amino 
acid was about several percentages of that of 
 Murchison[3]. Concentration of each amino acid 
from the  A-881955 was less than  1 nmol/g, and all of
the amino acids were found as racemic. 
Predominance of proteineous amino acids over non-
proteineous amino acids was not as significant as that 
of the Sayama, suggesting that most amino acids 
from the  A-881955 are of extraterrestrial origin. 
   From the PAH fraction of the Sayama, 48 
compounds were identified. These compounds 
have two or more aromatic rings in their molecular 
structure, ranging from biphenyl to  perylene. 
Concentration of each compound was less than 1 
 nmol/g. The most abundant compound was pyrene, 
whose content was 0.99  nmol/g. There were  many 
structural isomers of alkyl substituted PAHs. Six of 
possible 10 isomers of C2-alkylated naphthalene 
were identified.
Reference: 
 [1] Yanai K. and  Kojima H. (1995) Catalog of the 
Antarctic meteorites. 
[2] Yoneda S. et  al. (2001) Papers Present. 26th 
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 Fig.1 Mass chromatograms ofamino acids from the 
Sayama  meteorite. a) C2 amino acid, b) C3 amino 
acid and c) C4 amino acid
—60—
MULTIPLE FORMATION MECHANISMS OF FERROUS  OLIVINE IN CV 
CARBONACEOUS CHONDRITES DURING FLUID-ASSISTED METAMORPHISM. A. 
N.  Krot', M. I. Petaev2, and P. A. Bland3. 'Hawaii Institute of Geophysics and Planetology, 
School of Ocean and Earth Science and Technology, University of Hawaii at Manoa, Honolulu, 
HI 96822, USA  (sasha@higp.hawaii.edu); 2Department of Earth and Planetary Science, Harvard 
University, Cambridge, MA 02138, USA; 3Department of Earth Science and Engineering, South 
Kensington Campus, Imperial College London, SW7 2AZ, UK.
  Introduction: The CV carbonaceous chondrites 
are currently subdivided into the reduced (CVred) and 
two oxidized subgroups, Allende-like  (CV„„A) and 
Bali-like  (CVOXB) [1], which reflect their complex 
alteration history [2]. The origin of secondary 
mineralization (ferrous olivine, nepheline, sodalite, 
CaFe-pyroxenes, andradite etc.) in CVs remains 
controversial; nebular and asteroidal settings have been 
previously proposed. According to the nebular models 
[1, 3], the  CV.„A chondrules and refractory inclusions 
were exposed to highly oxidized nebular gas resulting 
in their alteration; matrix minerals, including ferrous 
olivine, directly condensed from this gas. This model 
is, however, inconsistent with the presence of poorly-
graphitized carbon (PGC) and pentlandite inclusions in 
matrix olivine [4]. 
  Accordingto the asteroidal models [2, 5-7], CVs 
experienced fluid-assisted thermal metamorphism of 
various degrees, which resulted in mobilization of Ca, 
Si, Fe, Mg, Mn, Na, and S, and replacement ofprimary 
phases in chondrules,  CAIs and matrices by secondary 
minerals. According to this model, secondary ferrous 
olivine in CVs formed by dehydration of 
phyllosilicates during thermal metamorphism [5-7]. 
This mechanism, however, is inconsistent with the lack 
of mass-dependent fractionation of oxygen isotopes in 
bulk CVs [8], which is expected for extensively 
aqueously-altered and dehydrated meteorites (e.g., 
metamorphosed  Cl/CM). Here, we suggest that ferrous 
olivine in CVs formed by several related mechanisms 
during fluid-assisted metamorphism, including 
replacement of opaque nodules, replacement of 
magnesian olivine and pyroxene, direct precipitation 
from a supersaturated fluid, and, dehydration of 
phyllosilicates. 
  Replacement of opaque nodules: In the  CVOXB 
magnetite-sulfide nodules in type I chondrules are 
replaced by nearly pure fayalite  (Fa>90) (Fig.  1). 
Petrographic observations [2, 9, 10] indicate that it was 
a two-stage process: (i) oxidation of metal to magnetite 
 [3Fe(S) +  4H200,0  =  Fe304(S) +  4H2(0] and (ii) 
replacement of magnetite by fayalite  [2Fe3O4(S) 
 3Si0200 + 2H2(g) =  3Fe2SiO4(,) +  2H200,0]. Oxygen 
isotopic compositions of fayalite and magnetite 
plotting from  -15%0 to  +20%0 along terrestrial 
fractionation line  [10], together with the petrographic
observations uggest hat alteration occurred at low 
temperatures (<300°C) in the presence of a fluid phase. 
In the  CV.„A, magnetite-sulfide nodules in type I 
chondrules are replaced by less ferrous  (Fa40..60) olivine 
(Fig. 2). The observed decrease in fayalite content 
from  CVOXB to  CV0„A suggests either increase of 
alteration temperature orsubsequent re-equilibration. 
  Replacement of magnesian pyroxene and 
olivine: In Efremovka dark inclusions  [11], ferrous 
olivine  (Fa...50) replacing chondrule phenocrysts 
coexists with minor phyllosilicates (Fig. 3). In Allende 
chondrules, ferrous olivine replacing forsterite and 
low-Ca pyroxene coexists with sulfides (Fig. 4), talc 
and amphibole [12]. The presence of hydrous minerals 
associating with ferrous olivine in chondrules uggests 
Fe transport by low-temperature aqueous solutions: 
 Fe2+00 +  MgSiO3(S) +  H200,0 =  (Fe,Mg)2SiO4(s)  +  H2(0, 
not by the high-temperature gas phase  [13]. 
  Direct precipitation from a supersaturated 
fluid:  Fe2+(ao + Mg2+(ao + Si0200 =  (Fe,Mg)2SiO4(S), is 
indicated by the presence of euhedral ferrous olivines 
in aqueously altered CAIs and as overgrowths around 
Mg-rich olivines and pyroxenes in  AOAs and 
chondrules in  CVOXB (Figs. 5, 6). Large compositional 
variations of the ferrous olivines  (Fa50_80) overgrowing 
AOA in Kaba (Fig. 5) and complex Fe-Mg zoning 
 (Fa50_80) of individual ferrous olivines overgrowing 
chondrule in  MET00430 (Fig. 6) probably reflect 
fluctuations of fluid compositions, as well as 
dissolution-precipitation of ferrous olivine. 
  Dehydration of phyllosilicates has been inferred 
from fibrous textures of some of the ferrous olivines in 
the Allende DIs [5], and from the presence of PGC and 
penlandite inclusions in the  CV.„A matrix olivines [4]. 
However, the Mg-rich compositions of phyllosilicates 
in CVs, the rarity of fibrous olivines, and the lack of 
0-isotopic evidence for extensive hydration-
dehydration of CVs suggest that a direct substitution of
olivine for phyllosilicates has played a relatively minor 
role in the origin of ferrous olivine. Growth of ferrous 
olivine in the presence of fluid released during 
dehydration of CVs seems more likely. 
  References:  [1] Weisberg et al. (1997) MAPS 32, 
A138; [2] Krot et al. (1998)  MAPS 33, 1065; [3] Palme 
& Wark (1988) LPS 19, 897; [4] Brearley (1999) 
Science 285, 1380; [5] Kojima & Tomeoka (1996)
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748; [7] Krot et al. (1997) MAPS 32, 31; [8] Clayton & 
Mayeda (1999) GCA 63, 2089; [9] Hua & Buseck 
(1995) GCA 59, 563;  [10] Choi et al. (2000) MAPS 35, 
1239;  [11] Krot et  al. (1999)  MAPS 34, 67;  [12] 
Brearley (1997) Science 276, 1103; [13] Dohmen et  al. 
(1998) Amer. Mineral. 83, 970.
Fig. 1. BSE image of magnetite (mgt) - sulfide (sf) 
nodule in type I chondrule in the  CVOXB chondrite 
Mokoia replaced by fayalite (fa) and hedenbergite 
(hed). fo  = forsterite; phyl = phyllosilicate.
Fig. 2. BSE image of magnetite-sulfide nodule in 
 chondrule periphery in the  CVOXA chondrite 
ALH84028. nearly completely replaced by ferrous 
olivine.
 xeca 29FertA Y. 
Fig. 5. BSE image of AOA in the  CVOXB chondrite 
Kaba. Forsterite grains of the AOA are overgrown 
by euhedral ferrous olivine grains that very in 
compositions from Fa <50 to Fa >70; some grains 
contain sulfide inclusions.
Fig. 6. BSE image of type I  chondrule in the 
 CVo„,vB chondrite  MET00430. Euhedral ferrous 
olivine grain overgrowing low-Ca pyroxene of the 
chondrule show complex chemical zoning 
suggesting growth by dissolution-precipitation 
from an aqueous solution.
Fig. 3. BSE image of type I chondrule in dark 
inclusion E53 in the  CVred chondrite Efremovka. 
Chondrule forsterite phenocrysts are 
pseudomorphed by ferrous olivine and very minor 
phyllosilicates (phyl).
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Introduction: 
   One of the major differences between ordinary 
chondrites (OC) and carbonaceous chondrites (CC) is 
the abundance of chondrules; from 60 to  80vol% in 
OC, while only  30-40vol% in CC. Most of the 
chondrules in OC and CC are divided into two types, 
Type I  (Fe0-poor) and Type II  (Fe0-rich). CC 
contain more Type I chondrules relative to OC. 
Al-rich chondrules (A1203  >10w0/0) and the other 
inclusions are minor components in both chondrites. 
Inspite of numerous studies on chondrules in OC and 
CC, the relation among chondrule types are still 
unclear. A detailed investigation f texture, chemical 
composition and mineralogy of chondrules may 
clarify the processes of chondrule formation and 
chemical fractionation among them. 
   In the present study, we examined petrology, 
mineralogy, and bulk chemical compositions of 
individual chondrules in the least equilibrated 
carbonaceous chondrite (CO3.0  Yamato-81020  [1]
and CV3 Efremovka [2]). Bulk chemical 
compositions are compared with those of OC 
chondrules, previously discussed by [3], Al-rich 
chondrules and the other inclusions [4, 5]. We 
discuss the origin and the formation process of Type 
I chondrules in CC taking the bulk chemical 
composition and the texture of the chondrules into 
consideration.
Method: 
  The bulk chemical compositions of chondrules 
were obtained by quantitative analysis with electron 
microprobes by averaging about 500 points per 
chondrule at the acceleration voltage of 15kV using a 
spot beam current of  12nA. More detailed analytical 
technique is shown in [3]. 
 Bulk chemical compositions of 32 Type I 
chondrules, 3 Type II chondrules, and  1 Al-rich 
chondrule in CO3.0 Y-81020 (56-1), and 12 Type I 
chondrules in CV3 Efremovka  (EF10,  EF11) are 
obtained.
Relationship between Si and an oxide: 
 Figure 1 shows bulk elemental abundances of the 
individual chondrules plotted against Si normalized 
to Mg and CI abundances [6] including those in 
ordinary chondrite Semarkona (LL3.0) [3]. The bulk 
compositions of Type I chondrules in CC clearly 
show correlation of Al, Ca and Ti with Si, These 
refractory element concentrations are nearly constant
among OC chondrules and this is major difference 
between OC and CC chondrules [7]. Volatile 
elements (Na, K, Mn, and Cr) also show weak 
positive correlation to Si. Their abundances are 
relatively lower than OC chondrules. There are no 
significant differences in chemical compositions 
between CO and CV chondrules, except hat  Fe0 in 
Type I chondrules are slightly more abundant in CV 
than in CO. These results suggest both refractory and 
volatile element behavior is quite different between 
CC and OC.
 MgO-(CaO+A1203)-Si02 relationship: 
 Figure 2 shows bulk chemical compositions of CC 
chondrules are compared with those of OC in the 
ternary system of  Mg0-Si02-(Ca0+A1203) including 
data from Al-rich chondrules and  POIs (Plagioclase 
and olivine inclusions) [4, 5]. The data from CC Type 
I chondrules catter from near Fo through CI to the 
region with higher  (CaO+A1203) and  Si02. This trend 
seems to continue toward the region of Al-rich 
chondrules, by increasing Si02 and  (CaO+A1203) 
with decreasing  MgO. This trend is different from 
not only that for the Type II chondrules [3], but also 
unpublished data of Type I chondrules in OC 
(personal communication by Mr. Tomomura), which 
shows the variation between  Mg0 and Si02 rather 
than the variation including  (Ca0+A1203). Our Type 
II chondrules in CC, which include only three, are 
plotted near the range of the chondrules in OC. 
 Tachibana et al. (2003) explained the trend of OC 
chondrules by Mg—Si fractionation i  an open system 
with the relation to the relative ages of the 
chondrules. Our data suggest that Mg-Si 
fractionation cannot explain the trend of Type I 
chondrules in CC. The mixing trend between POIs 
and ferromagnesian chondrules also cannot explain 
the trend of CC chondrules, because the abundance 
of  Si02 is relatively small for CC Type I chondrules. 
Only Al-rich chondrules are plotted in the extension 
of the trend of CC chondrules. Bischoff and Keil 
(1984) [4] described chondrules in H chondrites, 
whose bulk compositions how between the Fe-Mg 
and Al-rich chondrules, and they concluded the 
related process between Al-rich and Fe-Mg 
chondrules. Our data are plotted in the transitional 
between the Fe-Mg and Al-rich chondrules. 
Fe-Mg chondrule formation related to Al-rich 
chondrules:
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  Some of the chondrules in  Y-81020, which have 
higher  (CaO+A1203) and  Si02, contain  porphyritic 
olivine, low-Ca pyroxene and mesostasis; which 
consists of high-Ca pyroxene, anorthite and glass. 
One of the chondrules  (Y-2), which have higher 
 (Ca0+A1203) and higher  Si02  (Mg29  (Ca+A1)16 Si55), 
contain abundant fine grained olivine (Fo99,  5-10um) 
in the center of the chondrule, and low-Ca pyroxene 
 (Wo3En96Fs1,  >40mm) occurs near the surface of the 
chondrule. This chondrule contains many fine 
grained metal and/or sulfide  (1-31.tm). These textures 
may suggest hat the chondrule did not experience 
total melting at high temperature and olivine grains 
are relic. The texture of the chondrule suggests that it 
was formed in an open-system. Low-Ca pyroxene 
occurs not around fine grained olivine in the center 
of the chondrule, but the surface of the chondrule, 
which can be formed by condensation of Si during 
melting. By eliminating of low-Ca pyroxene near the 
surface of the chondrule, the bulk composition of 
internal region is plotted the region of Al-rich 
chondrule in the ternary diagram  (Mg21  (Ca+AI)29 
Si50). Type I chondrules in CC with higher refractory 
element abundance might be formed by mixing 
between Al-rich chondrules and ferromagnesian (or 
chondritic) materials in the open-system. Type I 
chondrules in CC might be formed by mixing 
between Al-rich chondrules and Fe-Mg materials in 
the open-system. The difference of chondrule 
composition between CC and OC is thus explained 
by different precursor though similar formation 
process.
References: 
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WHY IRON METEORITES CANNOT BE 
SMELTING. G. Kurat, Naturhistorisches Museum,
 SAMPLES OF PLANETESIMAL 
Postfach 417, A-1014, Vienna, Austria.
Beliefs and Consequences: 
   Widely entertained beliefs see the differentiated 
meteorites (DMs) as igneous rock samples from 
differentiated solar system bodies, planets or plane-
tesimals [e.g.,  1]. Two observations straightforwardly 
exclude such a scenario, one known for a long time: 
 1) A chemically differentiated body of chon-
dritic bulk composition (like Earth) consists of —1/3 
core (metal), —2/3 mantle  (peridotite) and <1 % (by 
mass) crust (basalt). The meteorite record sees —38 % 
irons, —62 % (by number) basalts and derivatives 
(HED) and no suitable peridotite. The main mass is 
missing, a clear signal that DMs cannot be samples 
of differentiated planets or planetesimals. 
   2) Hf-W chronology[e.g., 2] shows that irons 
have the most non-radiogenic (=primitive) W of all 
matter known, indicating separation of siderophile 
from lithophile elements very early in the history of 
the solar nebula. On the other hand, HEDs have 
much too less radiogenic W to be the product of this 
siderophile-lithophile element fractionation process 
that is recorded by the irons. Their W isotopes rather 
indicate a separation  (=fractionation) from a chon-
dritic source, like the irons but some time later. These 
data definitely exclude any planetary relationship 
between irons and HEDs. However, they indicate a 
common source for both: the solar nebula. I take this 
as another clear message that the planetesimal model 
for irons and HEDs cannot work. Thus, the first 
conclusion has to be that irons and HEDs are not the 
products of planetary differentiations. They rather 
represent wo different and in-dependent fractiona-
tion events which took place separately in space and 
time. What kinds of fractionation processes were 
involved and where did they take place?
Chondrites and fractionated meteorites: 
   DMs share with chondrites many features: They 
are old, contain daughters of short-lived radio-
nuclides, Q-Xe, U-Xe and even Xe-HL (see sum-
mary by [1] and [3]). They only differ in their chemi-
cal composition: chondrites have solar and DMs have 
non-solar elemental abundances (with some impor-
tant exceptions, see below). Comparing DM compo-
sitions with those of chondritic constituents (chon-
drules, aggregates, CAIs, etc.) reveals that the latter 
can be chemically fractionated to a much higher 
degree than the former (see summaries by [1,4]) — a 
clear demonstration of the ability of the solar nebula 
to chemically fractionate matter even beyond the 
degree necessary to create DMs. 
   Major and trace element abundances in eucrites 
(and their relatives, howardites and angrites) signal 
vapor fractionation as the principal fractionation 
process, variably disturbed by post-formational meta-
somatic alterations [e.g., 5-7]. They apparently are
relatives of CAIs and POIs and their place of forma-
tion could have been the solar nebula.
The case  of  iron meteorites: 
    In contrastto HEDs, the genesis of irons cannot 
straightforwardly be deduced from their chemical 
composition because major and trace element abun-
dances do not carry a simple signal and clearly no 
signal of conventional condensation. Their message 
is chaos, with some tendency to form clans 
(=chemical groups). These clans carry a strong mes-
sage on elemental fractionation, again in a chaotic 
way, as each clan appears tofollow its own fractiona-
tion rules. In, e.g., the Ir vs. Ni projection, chemical 
iron clans have widely different slopes indicating 
different crystal/liquid partition coefficients operat-
ing in each of the clans — a physical impossibility. 
Many attempts omodel these fractionations i  view 
of the popular planetesimal smelting theory resulted 
in highly complicated procedures fed by numerous 
ad hoc assumptions [e.g., 8,9]. 
    As already mentioned above, iron meteorites are 
very old [e.g., 10] and primitive. Beside primitive W 
they also contain primitive Pb and clear signals of 
live, now extinct radionuclides such as  1291  [   1  ],  107pd 
[12] and 53Mn [13]. These are certainly not signals of 
a secondary process uch as smelting of a pre-
existing chondritic source. 
   Silicate inclusions in irons are as old as the 
metal  [11,14-16] and have commonly chondritic 
lithophile and siderophile element contents, indicat-
ing a formation independent from the metal [e.g., 
17,18]. However, there exist some telling relation-
ships between properties of the metal and those of 
silicate inclusions. Remarkable are the correlation of
silicate Fe/Mg ratios with the bulk Ni content of the 
metal in IIICD irons  [17] and the anti-correlation 
between 129Xe insilicates and the bulk Ni content of 
the metal in  IAB irons  [16]. Can impact mixing cre-
ate such relationships [e.g., 19]? 
   The only model for theirons accepted by main-
stream eteoriticists today is the igneous model [see, 
e.g.,  1], in spite of the fact that it contradicts many 
observations. It thus, unfortunately, has become a 
major obstacle for meteoritics. Let me give a short, 
incomplete list of facts that are incompatible with an 
igneous origin of iron meteorites: 
    * Most irons aregiant single 7-iron crystals 
with a-iron exsolutions. Growing gigantic metal 
crystals (m3) from a metal melt is very difficult and 
takes many tricks to prevent formation of competing 
nuclei. 
    * If irons of one clan come from one planetesi-
mal core, why can they have so widely different 
cooling rates, such as the IVA irons [20]? 
    * If irons are core samples of impact-destroyed 
planetesimals, why do they not show any physical
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torture and shock features and why do they sample so 
many planetesimals  (>100) and stony DMs so few 
(<5)? 
   * Silicate inclusions in irons show no signs of 
melting and homogenization, even when they are 
rich in low T-melting feldspars, phosphates or sul-
fides. At least some pools of eutectic omposition 
(silicates and metal/sulfide) have to form when the 
inclusions got trapped by the metal melt. 
   * Silicates and graphite in metal preserve deli-
cate aggregation a d growth structures [e.g.,  21,22]. 
They should be destroyed when violently mixed with 
metal melt and they also should be separated from 
the metal — even in a very weak gravity field. 
   * Why did silicates retain large amounts of 
volatiles uch as rare gases and halogens (lawren-
cite), inclusive  1291? 
   * Why doisotopic inhomogeneities exist? Rare 
gases, C and N have several carriers instead of one 
[e.g., 23-27]. 
   * Why do bulk chemical inhomogeneities in 
metal exist? Some irons have variable composition 
on a grand scale, like Canyon Diablo [28], and on a 
small scale, like Acuna [29] and the Canyon Diablo 
and Campo del Cielo graphite-metal rock inclusions 
[30]. 
   * Schreibersite is commonly out of equilibrium 
with metal (texturally and chemically), its chemical 
composition varies widely and is correlated with size 
[e.g., 31,32], inclusive trace lements  [33,34]. 
   * Schreibersite and metal in Canyon Diablo and 
Campo del Cielo have strongly fractionated refrac-
tory siderophile element abundances which are in-
compatible with fractional crystallization a d frac-
tional condensation [30,33,34] 
    * Olivine and pyroxene are usually out of equi-
librium in silicate inclusions [e.g., 35] with fa<fs, 
indicating a late reduction event without subsolidus 
equilibration, in spite of very slow estimated (and 
expected) cooling rates.
A possible solution: 
   A possible way to overcome most, if not all, 
problems is to have the metal (and other phases) 
precipitate at subsolidus temperatures. A  conven-
tional condensation from a vapor of solar nebula 
composition is clearly excluded by the chemical 
composition a d other features of irons, a derivative 
process uch as chemical vapor deposition could do 
the job. Such a process could precipitate metal in a 
very gentle way, could fill all pore spaces and would 
be capable of growing huge crystals. A possible 
process - as originally proposed by [35] and recently 
advertised by[30,34] - is precipitation f metal from 
metal carbonyls: 
 Fe(CO)5  -÷ Fe° +  5C0 
   Such a scenario explains in a natural way 
formation and preservation f chemical nd isotopic 
inhomogeneities, the fractionation of refractory 
siderophile elements, the association of metal with
large quantities of isotopically fractionated C (from 
the breakdown of 2C0 to C + CO2), the abundant 
presence of lawrencite  (FeCl2) and live  1291 (from 
halogen carbonyls), the correlation of fs with Ni (in 
metal — indicating that the Ni/Fe ratio of the metal 
precipitated is  governed by the 0 fugacity prevailing) 
and many more. It also provides a simple solution to 
the paradox created by the Hf-W data: old metal 
encloses younger silicates! The solution is, that the 
precursor carbonyls for iron meteorites formed be-
fore but precipitated metal after chondrites formed.
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PRODUCTION RATES OF COSMOGENIC KR ISOTOPES IN H-CHONDRITES 
WITH KNOWN CHLORINE-36/ARGON-36 AGES. I. Leya, U. H. Wiechert, and R. 
Wieler, ETH Zurich, Isotope Geology, NO C61, CH-8092 Zurich, Switzerland.
Introduction: 
   The  81Kr-Kr method of cosmic-ray exposure 
dating is widely used to determine so-called 
shielding-corrected cosmic-ray exposure ages. The 
method is based on the assumption that the 
production rate ratio between radioactive 81Kr (T112  = 
0.23 Ma) and stable Kr isotopes obeys simple 
relationships which are independent of the 
preatmospheric size of a meteorite and the position 
of the sample within the meteorite, and which also 
hold for different relative abundances of the major 
target lements Rb, Sr, Y, Zr, and Nb. Two different 
equations have been proposed [1, 2]: 
 P8  1  /P83 =  0.95  ooKr+821(0/(2  83  Kr) (1) 
 P8  1  /P83 =  1  .262(78Kr/83Kr)+0.3  8  1 (2) 
The factor 0.95 in the first relation represents the 
isobaric fraction yield of  81Kr. The second relation is 
insensitive to 80Kr and 82Kr produced by neutron 
capture on Br, and will thus alone be considered 
below. This relation accounts also for the fact hat he 78Kr spallation yield depends on the Zr/Sr atio. It is 
based on data from Apollo 12 lunar rocks  [1]. 
Strictly speaking, it is therefore only valid for 
samples with the same relative abundances of the 
major target elements a  Apollo 12 rocks. However, 
for Apollo 11 rocks, 78Kr/83Kr at a given P81/P83 
ratio (calculated according to rel. 1) is only about  1-
3% higher than predicted by relation (2), although 
Apollo 11 samples have 2-3 times higher Zr/Sr atios 
than Apollo 12 rocks [1]. Finkel et al. [3] showed 
that relations (1) and (2) are also consistent wi h each 
other for the two chondrites San Juan Capistrano 
(H6) and St. Severin (LL6), although Rb contributes 
substantially to Kr production in chondrites but not 
in lunar samples. Since then, the two relations above 
have widely been applied for chondrites al o. They 
have not extensively been tested for a wide range of 
shielding conditions and chemical compositions, 
however. Eugster [4] presented a correlation between 
 P81/P83 and the widely used shielding parameter 
22Ne/21Ne for ordinary chondrites, but the only 
available 81Kr depth profile in Knyahinya does not 
unequivocally confirm the validity of this relation at 
low shielding [5]. 
  The purpose ofthis work therefore is to study the 
isotopic systematics of cosmogenic Kr in meteorites 
with independently known reliable cosmic ray 
exposure ages. For this we analysed all 5 noble gases 
in 9 H chondrites forwhich recently the 36C1-36Ar 
exposure ages as well as the light noble gas 
production rates had been determined [6,7]. In
metallic Fe-Ni samples, most of the 36Ar is produced 
through its radioactive precursor 36C1 [cf. 8]. 
Therefore,  36C1-36Ar exposure ages are essentially 
self correcting for shielding, at least to the extent hat 
the meteorite studied had a single stage exposure 
history. In addition, we also measured a sample of 
the L/LL5 chondrite Knyahinya which has been 
extensively studied for the depth dependence of its 
cosmogenic nuclide production [e. g. 5, 9] and 
several samples from the large L4 chondrite shower 
Gold Basin, which turned out to have suffered a 
complex exposure history. Here we concentrate on 
the Kr data.
Experimental: 
  Crushed bulk samples of  —1g were preheated in 
vacuum for  =20 h at 80° C. Gases were released in 
two steps at 600° C and 1700° C. The 600° C step 
released almost all remaining atmospheric Kr but 
hardly any cosmogenic Kr. Hence only the 1700° C 
data are used in the following. The 84.ic,'132                                      ri---Xe ratios
in these steps are usually below 1, indicating that 
trapped Kr is almost purely meteoritic in origin, 
which allows an accurate correction for non-
cosmogenic Kr. 
Results: 
 81Kr-Kr ages of two aliquots of the same Gold 
Basin fragment calculated according to relation (2) 
agree to within  =7% with each other. Furthermore, 
the  81Kr-Kr age of our  Knyahinya sample of  41±4 
Ma agrees well within error limits with other 
reported ages of 39.5-40.5 Ma [5, 9]. These 
observations prove that the method used here 
provides reproducible 81Kr-Kr exposure ages in  —1g 
sized samples. Figure 1 compares the 81Kr-Kr ages 
with the 36C1-36Ar ages of the nine H4 and H5 
chondrites tudied in this work. Uberaba is a clear 
outlier with a 81Kr-Kr age about 4 times as high as 
the  36C1-36Ar age. The light noble gas systematics of 
this meteorite are in agreement with the 36C1-36Ar 
age. Therefore, the discrepancy appears to be due 
either to unrecognized problems in the correction for 
trapped Kr or a complex exposure history of 
Uberaba, although it is difficult to imagine a second 
stage manifesting itself only in  81Kr (T112 = 0.23 Ma) 
but not in  36C1 (T112 =0.30 Ma). We will not consider 
 Uberaba further. 
  The  81Kr-Kr age of Cereseto is also more than 2 
times (and by almost  5a) higher than its  36C1  36Ar 
age, whereas for the remaining 7 meteorites the two 
ages agree mostly within better than their  2a
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uncertainties. However, in most cases the  81Kr-Kr 
ages are higher than the corresponding  36C1-36Ar 
ages. We believe that this is a significant observation. 
We therefore performed model calculations to test 
relation (2) above.
Model calculations: 
   Fig. 2 shows the modeled relation between 
 811(r/83Kr and 78Kr/83Kr for H chondritesbetween 5
and 120 cm radius. The calculations are based on the 
work of Neumann  [10]. All data representing 
different meteorite sizes and shielding depths can 
well be described by a straight line: 
 P81/P83=1.117(78Kr/83Kr)+0.369 (3) 
This relation is similar to but significantly different 
from relation (2) above (Fig. 2). Using relation (3), 
the  81Kr-Kr ages of most meteorites studied here 
agree with the respective 36C1-36Ar ages to within 
better than 20%. We therefore propose that (3) 
describes cosmogenic Kr isotope systematics in H 
chondrites more accurately than the classical relation 
(2) by Marti and Lugmair  [1]. 
   In order to test whether the considerable scatter 
in Fig. 1 may in part be due to variable target 
element chemistry, we varied in the model 
calculations element concentration ratios (e. g. 
Rb/(Sr+Y+Zr) ) between 0.1 and 10 times chondritic. 
The largest variations are observed for Y, where for a 
given 78Kr/83Kr ratio the 81Kr/83Kr ratio differs from 
the modelled correlation li e shown in Fig. 2 by up 
to  11%. However, for the typical range of Y 
concentrations in Hchondrites (2.1-2.2 ppm, ref. 11), 
the expected deviations are <1%, and the total spread 
for typical variations ofall major target elements for 
Kr production is predicted to be <2.5%. Therefore, 
the model calculations indicate that the isotopic 
composition of cosmogenic Kr in all chondrites 
should well follow relation (3) above. Nevertheless, 
we will present at the conference data on the 
abundances of Rb, Sr, Y, and Zr in aliquots of the 
meteorite samples measured here, with the goal to 
study whether a systematic orrelation of the 
deviations of81Kr-Kr and  36C1-36Ar ages with 
chemical composition f the target exists.
References: 
 [1] Marti K. and Lugmair G W. (1971) Lun. 
Sci. Conf.  2nd, 1591-1605.  [2] Marti K. (1967) Phys. 
 Rev. Lett., 18, 264-266.  [3] Finkel R. C. et al. (1978) 
GCA, 42, 241-250.  [4] Eugster 0. (1988) GCA, 52, 
1649-1662.  [5] Lavielle B. et al. (1997) MAPS, 32, 
97-107.  [6]  Graf  T. et al. (2001) Icarus, 150,  181-
188.  [7] Leya I. et al. (2001) MAPS, 36, 963-973.  [8] 
Wieler R. (2002)  Rev.  MM. Geochem. 47, 125-170. 
 [9] Graf T. et al. (1990) GCA, 54,  2511-2520.  [10] 
Neumann S. (1999) PhD Thesis, Univ. Hannover. 
 [11] Mason B. (1979), Data of Geochem. 6th ed.
40 
30 
20
16
 Co 2 
":
„ 12 
 C) 
   8
4
0
•H4 
 •  H5 
error bars  =1  a
A Allegan 
B Bath 
Ca Canellas 
Ce Cereseto 
E Epinal 
K Kerilis 
N Nassirah 
 O Ochansk 
U Uberaba
 is.,
#A
 Ce
E
0 2 4 6 
 36C1-36Ar age (Ma)
8 10
Conclusions: 
   81Kr-Kr exposure ages of H chondrites 
calculated according to ref.  [1] may substantially 
vary from the 36C1-36Ar ages of the same meteorites. 
A better agreement is obtained by calculating  81Kr-Kr 
ages according to new model calculations describing 
cosmogenic Kr production. These calculations do not 
suggest, however, that the considerable remaining 
scatter between  81Kr-Kr and  36C1-36Ar ages can be 
explained by variations in the chemical compositions 
of the targets.
Fig. 1: Comparison of  811(r-Kr and  36C1-36Ar 
exposure ages of H4 and H5 chondrites.  811(r ages are 
calculated according to ref.  [1].
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Fig. 2: Modelled isotopic systematics of cosmogenic 
Kr in H chondrites of 5-120 cm radius, according to 
Neumann  [10]. The best fit line through the data is 
significantly different from the correlation proposed 
by Marti and Lugmair  [1] for Apollo 12 rocks.
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Introduction: 
  The brachinites are primitive achondrites that 
consist mainly of olivine [1,2]. The noble gas 
contents of some brachinites are known [3], but not 
their contents of cosmogenic radionuclides (CRN), 
which are useful for calculating cosmic-ray exposure 
(CRE) ages and estimating meteoroid sizes. We 
present he contents of 36C1, 26A1,  '°Be,  and/or  "Mn 
in several brachinites.
assume the following average lemental composition 
for brachinites (wt. %): 0, 38.6; Na, 0.16; Mg, 17.1; 
Al, 0.61; Si, 17.5; S, 0.9; Ca 1.0; Cr, 0.40; Mn, 0.28; 
Fe, 23.3; Ni 0.2 [3,4,8].
Table 2.  36C1,  26 Al,  Al  and  '°Be  (dprn/kg) and 53Mn 
 (dpm/[kg Fe]) activities and production rates, P 
 (atom/min-kg) in brachinites.
Experimental methods: 
  Sample identifiers and sources follow: Brachina, 
Southern Australian Museum, Adelaide (B. 
McHenry); Eagles Nest 140,1, U. Arizona (D. Hill); 
EET 99402 JSC 10,1 and EET 99407, JSC 7,2 (C. 
Satterwhite); Hughes 026 AMNH 4883 and Reid 013 
AMNH 4815, American Museum of Natural History, 
NY (D. Ebel). The paired meteorites EET 99402 
and EET 99407 are "petrologically identical, 
coarse-grained rocks" [4]. Reid 013 has also been 
called Nova 003 and Window Butte. 
  The Mg, Mn, and Fe contents of some samples 
were measured by ICP-MS. We used accelerator 
mass spectrometry to analyze samples for 36C1,  26m, 
and  '°Be at PRIME Lab of Purdue University and for 
53Mn at Technische Universitat  Mi.inchen [5]. We 
normalized 53Mn contents in the way described by 
Schnabel et al. [6].
Sample  36C1 26A1  53Mn
Brachina 
Eagles Nest 
EET 99402 4.8±0.2 
EET 99407 3.3±0.3 
Hughes 026 
Reid 013 
 P(5,10) 5.4 
P(5,40) 5.9
55.2±2.6 
54.2±2.5
39.8 
52.3
12.0±0.3 
16.4±0.4 
15.8±0.6 
 18.1±0.5 
17.2±0.5 
17.2±0.5 
  17 
  18.5
236±24 
 491±34
500±34 
416±30 
 270 
 391
Results and Discussion: 
  Table  1 shows the results of the elemental 
analyses; the precision  (la) is  —  ±10% (relative). 
         Table 1. Mg, Mn, and Fe 
        contents (wt. %) of brachinites.
Brachina 
 EET 99402 
Hughes 026 
Reid 013
18 
19 
18 
14
0.25 24 
0.30 25 
0.28 27 
0.21 25
  CRN contents appear in Table 2. Similar 
activities of 26A1 and of  1°Be  (±2(y) in EET 99402 
and 99407 are consistent with pairing. The 
difference in  36C1 contents  (dpm/kg) of the two 
samples, 4.8±0.2 vs. 3.3±0.3, may reflect lower 
original Fe or Ca contents or the loss of Fe- or 
Ca-bearing material due to weathering. Shielding 
differences eem a less likely explanation. 
  To interpret he activities, we use the production 
rates of Leya et al. [7]. Table 1 shows the results at a 
depth of 5 cm in meteoroids with radii of 10 cm 
(P5,10) and of 40 cm (P5,40). The calculations
   Brachina - Published 22Ne/21Ne ratios of 1.18 
[9,10] indicate that at least one part of this small rock 
(recovered mass 203 g), resided near the surface of 
the meteoroid, where production rates of CRN would 
have been low relative to average chondritic values. 
Bogard et al. [9], using older production rates, and 
Ott et al.  [10] using the production rates of Eugster 
 [11], estimate CRE ages that imply undersaturation 
of both  1°Be and 53Mn. Following Eugster  [11], we 
obtain  T21-3.7 My. Consistent with these 
observations, the measured  1°Be and 53Mn contents 
of Brachina re lower than the calculated production 
rates and are also lower than the activities observed 
in other brachinites. With P(5,10) and P(5,40) (
Table 2) we find T10 (My) = 2.7±0.3 and 2.3±0.2; 
with P(5,40), we find T53=11±5 and 4.9±1.1. The  1°Be/21Ne age [12] is 5.2±0.4 My. Our current best 
estimate for the CRE age of Brachina is4±1 My. 
  Eagles Nest - According to Swindle et al. [3] 
Eagles Nest has a CRE age - 25.5±4.2 My based on 
21Ne and 38Ar - that provides ample time to saturate 
 10Be and 53Mn. Low 22Ne/21Ne ratios,  —1.05, imply 
deep shielding in space for this now small 
(154-gram) rock. From the calculations of [7] and 
the measured  1°Be activity (production rate) of 16.4 
 dpm/kg (atom  mini  kg') we infer a pre-atmospheric 
radius, R (cm), between 60 and 100. Here we 
assume a terrestrial ge that is short compared tothe 
half life  of  1°Be. Comparable but somewhat smaller 
limits on R come from 53Mn, namely 50<R (cm)<80. 
  EET 99402 and 99407 - The  26A1/1°Be ratios, 
3.0-3.5, of EET 99402 and EET 99407 suggest that
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both nuclides reached saturation thereby setting a 
minimum CRE age of  —5 My. The 26A1 activity 
gives production rates compatible with a broad range 
of preatmospheric radii,  20<R<85. The average 
36C1 activity of  —4  dpm/kg in EET 99402 and EET 
99407 is about 2/3 of the calculated production rate 
of  — 6 dpm/kg. Possible explanations include a 
terrestrial age of 0.2 Ma, but we stress the large 
uncertainties due to possible compositional effects. 
  Hughes 026 and Reid 013 spent enough time in 
space as small bodies to bring their 53Mn activities to 
within 20% of saturation. Thus their minimum, 
one-stage CRE age is  — 7 My. 
  Figure 1 shows the distribution of CRE ages for
 1111 Eugster  0. (1988) GCA, 52, 1649-1662. 
 Graf  Th. et al. (1990) GCA, 54, 2521-2534.
 [12]
  0 10 20 30 40 50 
           CRE age (My) 
brachinites with data for  ALH 84025 from  [10]. 
The present range of CRE ages, from 4 My for 
Brachina to at least 25 My for Eagles Nest, 
approximates those of the CV, CK, CO, and CR 
chondrites. Additional noble gas analyses of 
brachinites would be useful. 
   Mittlefehldt and Berkley [4] note that all the 
brachinites come from the southern hemisphere, 
either Australia or the Antarctic. Notwithstanding 
the geographical closeness of the find locations, the 
CRE ages suggest at least hree independent falls.
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Introduction 
   We present data on volatiles in newly discovered 
SNC (nakhlite NWA817 and shergottites  NWA480, 
NWA856,  NWA1068) that help to constrain (i) 
cosmic ray exposure (CRE) ages and radiometric ages 
of SNC, (ii) the early history of the Martian 
differentiation i cluding atmosphere and mantle using 
extinct radioactivites recorded in Xe isotopes. We 
compare the dynamics of the Martian mantle inferred 
from Xe isotope systematics with that of Earth.
Results 
   These meteorites are desert finds that were made 
available for this study by the Theodore Monod 
Consortium head by J.A. Barrat (University of Angers, 
France). Noble gases were extracted and analyzed for 
He, Ne and Ar abundances and isotopic ratios in 
 CRPG Nancy by CO2-laser extraction and static mass 
spectrometry  [1] on small  (-10 mg) aliquots. Larger 
aliquots  (-100 mg) were analyzed for Ar, N and Xe 
isotopic abundances at UCSD by stepwise heating 
followed by static mass spectrometry [2]. For Ar 
which was analyzed in both labs, isotope abundance 
data agree within 5 %. 
   The K-Ar age (1.3 Ga) and CRE age of nakhlite 
 NWA8  17 (10.0 ± 1.3 Ma) agree with those of other 
nakhlites. The CRE ages of shergottites  NWA480, 
NWA856,  NWAI  068 (2.35 ± 0.20 Ma, 2.60 ± 0.21 Ma, 
2.01 ± 0.65 Ma, respectively) are consistent with 
those of other basaltic shergottites. Bulk K-Ar ages in 
excess of other radiometric ages suggest the 
occurrence of inherited  40Ar in basaltic lavas. 
   All shergottites contain fission xenon from 238U 
and fission Xe of extinct  244Pu  (T112 = 82 Ma), 
previously identified in ALH84001, in Chassigny and 
in Nakhla [2, 3]. Fission Xe from  244Pu in ALH84001 
and in Chassigny are close to abundances expected for 
a chondritic source, whereas those observed in 
nakhlites are higher than chondritic, expecially in 
NWA 817 which contains the largest Xef observed in 
SNC. The shergottites contain less fissiogenic Xe 
from  244Pu than other SNC, indicating different 
dynamic history of the source regions and/or more 
extensive degassing of the parent magma. 
   All analyzed SNC contain129Xe* produced by 
the decay of  1291  (T12 = 16 Ma), which could partly 
represent trapping of a Martian atmospheric 
component. However,  129Xe* is released not only at 
intermediate temperature as expected for trapped 
Martian atmosphere, but also at much higher 
temperature together with fissiogenic xenon. This
behavior suggests that part of  129Xe* is from the 
mantle,or crust, source region of analyzed SNC. The 
129/4c/244m*      rratio of all SNC is much smaller than the 
ratio expected for decay of  1291 and fission of  244Pu in 
closed system condition for Mars, requiring 
fractionation of the volatile/refractory  (I/Pu) ratio.
Discussion 
   In nakhlites, Xef from  244Pu correlate with 
geochemical proxies of Pu like U or Nd, all of which 
being incompatible during magma differentiation. 
Two situations can account for the correlation : (i) 
magma differentiation of the nakhlite parent melts 
took place before the decay of  244Pu, and the 
correlation is the result of the incompatible lement 
behavior of both Pu and U. This implies that magma 
differentiation took place early in the Mars history and 
that radiometric ages of 1.3 Ga are not crystallisation 
ages (in other words, SNC are old !). (ii) Magma 
differentiation took place after  244Pu decayed and is 
the result of the incompatible behavior of both Xe and 
U. This possibility is in agreement with a delayed 
crystallisation of SNC, taking place 1.3 Ga ago for 
nakhlites, but is difficult to reconcile with petrological 
evidence for fast cooling of the nakhlite parent melts 
if it occurred at shallow depth (e.g., [4]). Indeed, such 
process would have triggered egassing of xenon and 
other volatile elements during the course of 
crystallisation. 
   In order to account for the depletion of iodine in 
the Martian mantle, we envision that iodine was 
transferred from the Martian interior to the surface of 
the Red Planet during large scale magmatic events, 
that are independently recorded in several isotopic 
systems like Re/Os, Lu/Hf and W/Hf (e.g., [5, 6]). 
The model, calibrated with SNC I/Pu ratios, indicates 
that Mars was differentiated and degassed within <60 
Ma (within a few Ma for ALH84001 and Chassigny 
mantle sources) and experienced late stage degassing 
during its first 1 Ga history. Degassing might have 
lasted longer for shergottites than for other SNC. In 
our model, iodine was  transferred. to the Martian 
surface where it decayed to 129Xe [7]. The present 
amount of  129Xe in the  modern Martian atmosphere 
can account for less than a percent of the total amount 
expected for the decay of 1291, illustrating the loss of 
volatile elements from the Martian atmosphere 
through time. We have developed a simple model of 
volatile (I and Xe) transfer from the Martian mantle to 
the surface. 
   The 129244           I/-Pu ratio of Martian interior, 
normalized to bulk Mars ratio (computed for decay in
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closed system), is estimated to be 0.014±0.009 from 
our measurements of  129Xe*/136Xef  in. SNC. 
Correction for 238U fission over a maximum time 
interval of 4.4 Ga would give an upper limit of 
0.039±0.034. This range is surprisingly close to that 
estimated for the Earth's mantle of 0.068 (range : 
0.034-0.136) [8], despite much lower abundance of 
xenon in the latter. For the Earth, the  1291 deficit was 
traditionally attributed to delayed formation of our 
planet, but the similarity with the case of Mars 
suggests that we can apply also our model to  Earth  :
volatile elements including iodine and xenon were 
transferred to Earth's surface during early stages of 
magma ocean and accretion. Doing so, we find that 
the mean age for  I/Pu fractionation, defined as the 
time interval required to remove half of iodine from 
the proto-mantle, is 35 Ma after solar system 
formation, very close to the age of Hf/W fractionation 
for the terrestrial mantle inferred from recent 
 182Hf-182W systematics [9, 10], and also within the 
range of values computed for Mars interior. In our 
model, iodine present at the Earth's surface would 
have added 129Xe directly to the proto-atmosphere. 
The amount of  129Xe produced at the surface and/or 
degassed from the mantle is 3 orders of magnitude 
higher than that of the present-day atmosphere, 
requiring a drastic loss of atmospheric volatiles 
(accounting for Xe isotope fractionation ?) during the 
Hadean.
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 Asteroid 4 Vest has been considered as a candidate 
of the HED meteorite (Howardite, Eucrite and 
Diogenite) parent body based on their resemblance in
reflectance spectrum (e.g., [1]). Many evidences 
suggest that Vesta was differentiated into core, 
mantle and crust (e.g., [2]). Ghosh and McSween [3] 
presented a thermal model for the differentiation of 
Vesta by considering radiogenic heating. However 
they assumed instantaneous accretion and also 
instantaneous core and crust formations, and thus it is 
still uncertain whether or not magma ocean was 
formed on Vesta as premised by many authors (e.g., 
[2], [4], [5]). Their concern is mostly how to keep the 
mantle of Vesta hot for  —100 Ma. In this paper we 
study early thermal history of Vesta by taking into 
accounts the effects of heating by short-lived 
radionuclides, accretional heating and cooling by 
planetesimal impacts and separation of metal and 
silicate if a magma pond was formed by impact([6], 
[7]). Our preliminary results are shown in Figures 1 
and 2. Figures 1 and 2 show the early thermal 
histories for instantaneous accretion and accretion 
model with constant growth rate (accretion time  = 1 
x 106 years). Both models assume the same amounts 
of short-lived radionuclides  (60Fe/58Fe=3.808x10-7 
and  26A1/25A1=4.34x10-7). It is suggested from a 
comparison of Figures 1 and 2 that heating by 
short-lived radionuclides may not play a key role in 
formation of a magma ocean on a growing Vesta by 
planetesimal impacts if we consider accretion 
process of planetesimals. This is because the heat 
provided by decay of short-lived radionuclides in 
planetesimal interiors is effectively lost through the 
processes of fragmentation of planetesimals and 
deposition at the surface of a growing Vesta as ejecta 
deposit. Increase in thermal conductivity due to 
sintering of particulate matter also contributes the 
efficient heat loss from the interior.
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 Figure 2. Early thermal history of Vesta formed 
by accretion of planetesimals with constant growth 
rate (accretion time = 106 years). Initial amounts of 
short-lived radionuclides are the same as the case for 
Figure 1. Numerals attached on each curve represent 
the time after start of calculation.
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   Interpretations of Mars Viking and Surveyor 
orbital images have built a strong case that Mars had 
surface water during its past geological history. 
Neutron spectrometer data from Mars Odyssey show 
that poleward of 60 degrees north and 60 degrees 
south, significant hydrogen, likely as ice or 
permafrost, ispresent in at least he upper meter or so 
of the martian regolith and crust. Here we present a 
summary of independent data from the Mars 
meteorites howing that liquid water was present for 
at least some of the time in the upper few meters or 
tens of meters as early as 3.9GY, and was present at 
intervals and at various locations throughout most of 
Mars history. The evidence from the meteorites 
shows that the subsurface nvironment of Mars was a 
favorable location for life during these wet episodes 
over much of the past 3-4GY. 
    Currently, about 25 martian meteorites are 
available in collections on Earth. These meteorites 
have formation ages ranging from 4.5GY to 165MY. 
Some (and perhaps all) of these meteorites also show 
evidence for aqueous alteration on Mars. Estimates 
of formation depths and depths before ejection from 
Mars range from the upper meter to a maximum of 
100 meters or so. All of the meteorites recovered so 
far are igneous rocks and would not be expected to 
contain information on sedimentary or low 
temperature processes. Yet, many of these 
meteorites contain cracks and pores formed on Mars 
that display clear evidence of secondary alteration, 
weathering, fluid mass transport of soluable 
components, and mineral and precipitation from a 
water phase. This alteration and precipitation 
occurred on Mars but after the original igneous rocks 
cooled and became fractured. Within these 
meteorites the evidence for aqueous alteration 
includes: a) abundant weathering and corrosion 
textures, b) and the production of secondary 
water-precipitated minerals including smectite, 
carbonate, magnetite, hematite, Fe-sulfides, and 
Ca-sulfate, and c) very thin clay-rich layers deposited 
in cracks and pores. Amorphous  Si02, probably 
originally a gel, is also present in some meteorites. 
Chemical evidence includes major element 
fractionation in glassy veins of melted regolith 
trapped in EET79001. Many of these secondary 
minerals likely formed at relatively low 
temperatures; all apparently formed from liquid 
water. Examples of meteorites howing extensive 
secondary alteration by water include ALH84001, 
Nakhla, and Lafayette. The evidence that these 
secondary minerals were formed on Mars is both 
textural and chemical. Secondary minerals in
cracks show truncation and heating by the terrestrial 
fusion crust. Some of the secondary minerals have 
deuterium isotopic ratios much higher than any 
terrestrial values showing that the bound water was 
martian. While these secondary phases are 
common, they are not pervasive in any of the rocks. 
Most of the original minerals remain including both 
olivine and pyroxene. Long-term exposure to water 
would likely completely alter these minerals, even at 
low temperatures. It is therefore unlikely that these 
rocks were immersed in water over a significant 
proportion of their residence time in the upper 
martian crust or regolith. Rather, they were likely 
subjected to occasional exposure to water, perhaps 
episodically. However, such short episodic 
exposure to water could still provide a favorable 
habitat for microbial ife.
   New data on EETA79001 [1,2,3,4] supports a 
complex chemical weathering model for the upper 
Mars crust. This meteorite has Mars atmosphere 
gases trapped in Lithology A, a lithology that also 
contains a variety of sulfur-rich phases including FeS 
micrometer and submicrometer globules as well as 
Fe-sulfate containing globules interspersed 
throughout part of the impact melt silicate. 
Petrographic and chemical data on this melt region 
shows that it is partially melted to completely melted 
martian regolith fines, and parts of it were sulfur-rich 
before shock melting. At least two separate pisodes 
of chemical weathering are required: the first one 
produced Fe-sulfates and Fe-hydroxides as grain 
coatings and was likely caused by exposure to H2SO4 
derived from oxidation of volcanic vapors. This 
initial weathering apparently formed poorly 
crystalline or amorphous grain coatings on 
fragmental or detritial regolith fines which had been 
previously formed by impact communition and 
aeolian processes. The next episode of chemical 
weathering likely occurred during periods of melted 
water transport hrough the regolith, perhaps related 
to periodic shifts of the martian obliquity. This 
second episode leached silica and Mg-sulfate, and 
likely formed "ferrihydrite precipitates.' These 
precipates may have reacted with H2S to form iron 
monosulfides. Finally, impact melted some of the 
regolith, mixed it into cracks and pores in the 
fracture basalt (Lithology B), and FeS globules 
formed as immiscible liquid droplets in the silicate 
melt. This complex multi-step process may help 
explain many features of the martian regolith as 
determined from lander and spectral data.
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    Indigenous organic carbon is also present in 
many Mars meteorites. Nakhla, for example, has at 
least 300ppm organic carbon, 80% of which lacks 
terrestrial  '4C signature and is therefore from Mars. 
    If microbes inhabited these secondarycracks 
and pores, they required a source of energy and 
nutrients. Energy can come from disequilibria in 
redox states. Critical nutrients for many microbes 
include Fe, P and S. These characteristics are present 
in Mars meteorites in the form of abundant readily 
water-extractable phosphate including apatite and 
whitlockite, iron in both ferrous and ferric oxidation 
state, (hematite, magnetite, siderite, pyroxene, 
olivine, smectite), and sulfur as both sulfates and 
sulfides. These minerals could readily provide 
energy for iron or sulfur oxidizing and reducing 
microbes. In particular, the evidence in the Mars 
meteorites documents that both iron and sulfur were 
present in multiple oxidation states. Sulfur 
oxidation and reduction is perhaps the major source 
of energy for terrestrial microbes, and would provide 
an equally powerful engine on Mars. 
    In summary, all of the requirements for a 
habitable environment on Mars are present as 
revealed by the meteorites: the presence of liquid 
water, significant organic carbon, microenvironments 
in cracks and crevices suitable for sheltering 
microbes, energy sources provided by reduced and 
oxidized iron and sulfur mineral, chemical 
disequilibria between the water and the enclosing 
rocks, the movement of ground water and the 
transport of nutrients from place to place, and the 
presence of abundant labile minor and trace elements 
important o life such as phosphorous. It is clear 
that at least some of the shallow martian subsurface, 
as sampled by these martian meteorites, has been a 
hospitable place for life at least episodically 
throughout most of all of Mars history. Whether 
life actually dwells there is yet to be determined. 
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Introduction 
   Martian meteorites are extremely important 
because they are likely to be our only direct samples 
of Mars for several more years, and thus provide our 
best clues to the magmatic evolution of that planet. 
The Antarctic Research Center of the National 
Institute of Polar Research recently announced the 
discovery of a new martian basaltic shergottite, 
Y980459  [1], and formed a consortium for the study 
of this precious sample. As members of this 
consortium we were allocated thin sections for 
mineralogical and petrographic studies and a chip for 
chronological studies. In addition, as part of our 
consortium studies, we proposed to undertake an 
experimental investigation of the crystallization of
Y980459. This abstract and a companion abstract in 
this volume [2] report preliminary results of our 
 min/pet studies. Chronological studies are just 
getting underway and will be reported at a later date, 
as will experimental studies. 
   Our companion abstract reports the general 
petrographic and mineralogical characteristics of
Y980459, and compares it with other martian 
meteorites [2]. In this abstract, we briefly review the 
general petrography, but mainly emphasize several 
unique features of this sample, and use the MELTS 
program [3] to gain insight into its crystallization 
history.
General Petrography: 
   Y980459 is a porphyritic rock that consists of 
olivine megacrysts scattered in a groundmass of 
pyroxene and olivine (Fig. 1, 2). The most magnesian 
olivine megacrysts cores are Fo84 while rims are 
zoned to  '-Fa70. The interstitial areas between the 
groundmass crystals are occupied by a ferroan glass 
that contains skeletal Fe-rich clinopyroxene and 
olivine (Fig. 2, 3). This glass also contains blebs of
Fig. 2. Transmitted light optical photomosaic of Y980459. Width of 
filed is - 2 cm. Megacrysts are olivine. Groundmass crystals are 
olivine and  pyroxene. Dark areas in groundmass are Fe-rich 
glass.
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Fig. 2. BSE image showing euhedral groundmass pyroxenes and 
olivine (upper ight). Olivine has extremely  Fe-rich rim. Areas 
interstitial to groundmass mafic minerals contain Fe-rich glass 
with skeletal acicular Fe-rich olivine and  qvroxene crystals. 
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Fig.  I. BSE image showing interstitial gl ss (dark gray), skeletal 
pyroxene crystals, sulfide bleb, and tiny grains of opaque material 
dispersed throughout the glass. 
sulfide and tiny opaque grains cattered throughout. 
Because of their small size, we have not yet 
identified the opaques. They are less abundant ear 
the sulfide grains, suggesting diffusional control over 
their nucleation 
    One unusual characteristic of Y980459 is that it 
contains no plagioclase, unlike any other shergottite. 
We will discuss possible reasons for the lack of 
plagioclase b low. 
Discussion 
   One of the major questions about the 
petrogenesis of Y980459 is whether the olivine 
megacrysts are phenocrysts or xenocrysts. Another 
major question is the origin of the interstitial glass. 
Both of these questions are best addressed through 
experimental crystallization studies, but until we are 
able to conduct such studies, we can use the MELTS 
petrographic program as a guide. We have used 
MELTS to calculate the liquidus temperature and 
composition of the liquidus phases for the reported
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bulk composition ofY980459. 
   Results indicate that the liquidus temperature 
for this composition isvery high. At  1'02 =  QFM-1, 
 Fo87 olivine begins to crystallize at 1450°C. This is a 
fairly close match to the most magnesian olivine in 
Y980459, and is thus consistent with the megacrysts 
being related to the Y980459 melt rather than 
unrelated xenocrysts. However, such a high liquidus 
temperature would be very unusual for a basaltic 
melt, and thus it is likely that Y980459 is enriched in 
olivine rather than a crystallized melt. Further study 
will be required to determine whether the megacrysts 
are actually related to the Y980459 melt. 
   Another important question about Y980459 is 
why it has no plagioclase. The simplest explanation 
for this characteristic is related to the abundant 
interstitial melt. If if the sample cooled very quickly, 
plagioclase might have no chance to nucleate, and so 
the interstitial melt would be driven deep into the 
plagioclase stability field by continued crystallization 
of olivine and pyroxene. MELTS supports this 
hypothesis. We used MELTS to calculate the liquidus 
temperature and phase of the average interstitial melt 
composition under two conditions: (I) If plagioclase 
is allowed to crystallize normally, its liquidus 
temperature is 1290°C, and it crystallizes nearly 10% 
before clinopyroxe joins the crystallizing assemblage. 
Thus, it is clear that this melt is oversaturated with 
plagioclase, undoubtedly because of failure to 
nucleate.
References: 
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SILICATE STARDUST FROM COMETS. S. Messenger and L.P. Keller, NASA, 
Johnson Space Center, Code SR, Houston TX, 77058. 
                                        possiblethatthesegrains simply formed in the early
Introduction: 
   Interplanetary dust particles (IDPs) have been 
routinely collected from the Earth's tratosphere for
over two decades  [1]. They are distinguished from 
meteorites by their chemistry, mineralogy, textures 
and isotopic signatures (e.g. 2, 3). The anhydrous 
class of IDPs have escaped the significant 
post-accretional alteration that strongly influenced 
the histories ofmeteoritic materials. 
   While their small sizes have presented 
analytical challenges, the ability to measure isotopic 
compositions oncontinually finer scales has unveiled 
a rich distribution of presolar components in IDPs. 
Coordinated compositional and isotopic analyses by 
transmission electron microscopy (TEM) and other 
techniques with ion microprobe have shown that 
anhydrous IDPs often contain abundant (organic) 
molecular cloud material and, most recently 
submicrometer grains of silicate stardust [3,4]. 
   These observations further distinguish 
anhydrous IDPs from meteorites, and suggest that 
they have a cometary origin. Further, these samples 
offer the possibility of studying the nature of the 
common interstellar dust grains in a relatively 
pristine state. To date, six presolar silicates have 
been definitively identified by isotopic measurements 
by NanoSIMS ion microprobe. Three of these 
presolar silicates were previously analyzed by TEM 
and found to include two amorphous silicate GEMS 
(glass with embedded metal and sulfides [5]) and one 
forsterite grain, all submicrometer in size. However, 
at least 40 GEMS with solar system isotopic ratios 
were also identified. An even larger number of 
isotopically solar crystalline grains were also 
identified, including enstatite, forsterite, diopside, 
anorthite, and  spinel. 
   GEMS share many physical properties with 
those inferred for the common submicrometer 
interstellar morphous silicate dust in the galaxy. 
Thus the identification as presolar grains was 
expected. However, the discovery of a presolar 
forsterite grain is surprising, iven that hey have not 
been observed in the interstellar medium by 
spectroscopic te hniques [6]. 
   Remarkably, among over 100 mineralogically 
characterized (by TEM) grains 3 were demonstrably 
extrasolar in origin. This abundance is both 
surprisingly high in comparison tothat observed in 
meteorites (< 20 ppm; [7]) and surprisingly low 
compared with expectations that comets are 
comprised by pristine aggregates of presolar grains. 
   Major outstanding questions raised by this work 
include the origin of the isotopically solar GEMS 
grains. One possibility has been raised that these 
grains recondensed from sputtered (and isotopically 
homogenized) arlier generations of interstellar dust 
by shock and irradiation effects. Alternatively, it is
solar system. It is also interesting to consider the 
origin of the isotopically solar crystalline grains. 
These were very unlikely to have formed directly in 
the interstellar medium, based on the prohibitively 
low temperatures and pressures. The most likely 
alternatives are an origin in the solar system, or that 
they represent the end products of annealing of 
presolar isotopically solar amorphous dust grains. 
   In figure 1 we display an example of the types 
of coordinated analyses that are required to answer 
these and other questions raised by the initial results. 
In the future, we hope to greatly improve the 
efficiency of both isotopic and mineralogical 
mapping of IDP and returned cometary dust samples 
by proposed marked improvements in both 
NanoSIMS and TEM technology.
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Figure 1: 70 nm thin section of an IDP containing a 
presolar GEMS grain (arrow) and other phases of 
local origin. Blue: enstatite, Green: GEMS, Light 
blue: forsterite, Red: FeS, Orange:  Ca,Al-rich glass. 
The arrow indicates a presolar GEMS grain.
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 THERMOLUMINESCENCE STUDY OF JAPANESE ANTARCTIC METEORITES VII
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    Natural TL (thermoluminescence), the 
luminescence of a sample that has received no 
irradiation in the laboratory, reflects the thermal 
history of the meteorite in space and on Earth. 
Natural TL data thus provide insights into such 
topics as the orbits of meteoroids, the effects of 
shock heating, and the terrestrial history of 
meteorites. Induced TL, the response of a 
luminescent phosphor to a laboratory dose of 
radiation, reflects the mineralogy and structure of 
the phosphor, and provides valuable information 
on the metamorphic and thermal history of 
meteorites. The sensitivity of the induced TL is 
used to determine petrologic type of type 3 
ordinary chondrites. 
     We have measured TL of 151 Japanese 
Antarctic unequilibrated chondrites, so far 
[1,2,3,4]. This time we measured TL of more 26 
Asuka chondrites. Four of them are from point 
A246'  (D1), and 22 of them are from 10 km west 
of point A233 (D2) around the S Rondane 
Mountains (Figure 1). The TL data of them are 
listed in Table 1. The petrologic subtype was 
determined from their TL sensitivity. Five 
chondrites,  A-881258(H3),  A-881283(H3), 
A-881399(L3), A-881328(LL3), and 
A-881397(LL3) were found to be primitive below 
TL subtype 3.3. However, olivine heterogeneity 
of  A-881258 (H3),  A-881283 (H3), and  A-881399 
(L3) are near 10%. It conflicts to usual correlation 
between subtype and olivine heterogeneity. In 
some cases, the  TL sensitivity of the samples was 
increased by a factor of 10, although the typical 
increase was a factor of 2-3 for Antarctic 
meteorites [5]. The factor 10 makes increase of 
subtype only 0.3. They might be heavy shocked 
chondrites such as Y-790787. 
      As reliable pairing approach, TL 
properties within large chondrites have been 
analyzed, taking advantage of the fact that serial 
samples from these meteorites is known to be 
paired  [1]. Then a set of TL pairing criteria: 1) the 
natural TL peak height ratios, LT/HT, should be 
within 20%; 2) that ratios of raw natural TL signal 
to induced TL signal should be within 50%; 3) the 
TL peak temperatures should be within 20°C and 
peak widths within 10°C  was proposed. This set 
of TL pairing criteria is less restrictive than 
previously used. Above pairing criteria were also 
applied to the Asuka unequilibrated chondrites in
 D1 and D2 sampling region. 
A-881329 (H3), A-881341 and 
 A-881348 and  A-881350 (L3), 
A-880833 (LL3) are paired.
A-881382 and 
A-881386 (H3), 
 A-881287 and
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Ninagawa et al. (2002): Antarctic Meteorite Res., 
15, 114-121. [4] Ninagawa et al. (2002): Antarctic 
Meteorite Res., 15, 114-121. [5] Benoit  et al. 
(2002) Meteoritics & Planetary Science, 37, 
793-805.
Figure 1. Asuka sampling sites
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MINERALOGY AND PETROLOGY OF THE YAMATO 980459 MARTIAN 
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University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113-0033, JAPAN, 2Mail Code SR, NASA 
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Introduction 
   Discovery of new martian meteorites always 
offers substantial information to better understand 
martian igneous evolution. Y980459 is a new martian 
meteorite recovered from the Antarctica  [1]. It is an 
81-gram rock composed of olivine, pyroxene and 
mesostasis. Because this new martian meteorite is 
different from other martian meteorites in several 
respects, it is important o understand its formation 
history to clarify the petrogenesis of martian 
meteorites. In this and separate abstracts [2], we 
report mineralogy and petrology of Y980459 and 
discuss its relationships to other martian meteorites. 
Petrography 
   Y980459 (the PTS we report here is 
Y980459,41-3) shows a porphyritic texture mainly 
composed of olivine megacrysts scattered in a fine-
grained groundmass of pyroxene and olivine (Fig. 1). 
There are also abundant regions of the mesostasis 
showing skeletal growth of olivine and pyroxene (Fig. 
2). The modal abundances of minerals are 48% 
pyroxenes, 26% olivine, 25% mesostasis and  1% 
others. The olivine megacrysts reach up to 2 mm and 
show variable shapes from euhedral to anhedral 
grains. Olivine also occurs in the groundmass with 
the sizes of 100  'um to 500  pm. However, it is 
difficult to distinguish these two types of olivine 
because there are olivine grains showing an 
intermediate size (-1 mm). Some olivine grains 
contain abundant magmatic inclusions  (-100  gm). 
Pyroxenes are present in the groundmass as  euhedral 
to subhedral grains. The maximum pyroxene size is 
—500  pm. Polysynthetic twinning is common in 
pyroxene. The crystallization of olivine and pyroxene 
in the mesostasis is heterogeneous. In many cases, 
pyroxene grew slightly larger than olivine (Fig. 2). 
Except for these two major phases (olivine and 
pyroxene), other phases observed are chromite and 
rare Fe sulfide. No plagioclase was found. Shock 
features are extensive in Y980459 as suggested by 
the presence of undulose extinction of olivine and 
pyroxene and shock melt pockets. 
Mineral Chemistry 
   Olivine shows chemical zoning (Fig. 3). The 
olivine megacrysts are  F086.79 and the groundmass 
olivines are  F079_73. There is thin rimming of Fe-rich 
olivine at the edge of olivine grains. Some parts of 
these rims are elongated into the mesostasis. These 
olivine rims are  F073_40. The skeletal olivine grains in 
the mesostasis are too fine-grained to be analyzed by 
electron microprobe. However, the BSE image shows 
nearly equal brightness to that of olivine rims,
suggesting that they have similar compositions. Thus, 
we see three compositional c usters for olivine in Fe-
Mg that correspond to three types of olivine 
(megacryst, groundmass, and mesostasis) as 
described in the petrography chapter. Minor element 
contents of olivine also show similar behavior. The 
 Ca0 contents in the olivine megacryst, groundmass 
olivine, and the mesostasis olivine are 0.15-0.2 wt%, 
0.2-0.3 wt% and 0.3-0.4 wt%, respectively (Fig. 4). 
Similarly, the Cr203 contents are 0.45-0.2 wt%,  0.35-
0.15 wt% and 0.15-0 wt%. 
   Pyroxene is extensively zoned (Figs. 3 and 5). 
The groundmass pyroxene is from  En81Fs17Wo2 to 
 En5oFs30Wo20. The pyroxene in the mesostasis is 
more Ca, Fe-rich  (En5oFs30Wo20 to  En25Fs40W035)• 
We had analyses of very Fe-rich pyroxene of 
 En  15Fs70Woi5 in the mesostasis, but more detailed 
microprobe analysis is necessary because they are 
very small  (-10  p.m). The Al and Ti contents 
monotonously increase both in pigeonite (Wo<25) and 
augite (Wo>25) as fe# increases (Fig. 6). Especially, 
they are enriched in augite that is present mostly in 
the mesostasis. The A1203 and  TiO2 contents of 
augite are 4-9 wt% and  1-2 wt%, respectively. 
   The mesostasis glass has thefollowing average 
composition (though locally heterogeneous depended 
upon crystallizing phases nearby): 52 wt% Si02, 16 
wt% A1203, 1 wt% Ti02, 14 wt%  FeO, 1 wt%  MgO, 
10 wt% CaO, 2 wt% Na20, and  1 wt% P205. The 
magmatic inclusion in olivine has a more Si, Mg-rich 
and Al, Fe-poor composition. We also analyzed 
fusion crust and impact melt and found that they are 
similar to the bulk composition of this meteorite. 
Crystallization history of Y980459 
   According to petrography and mineralogy of 
Y980459, the following crystallization history has 
been deduced. At first, olivine crystallized from melt 
as a liquidus phase. As olivine continued 
crystallizing, some early phenocrysts became 
megacrysts. At some point, pyroxene started co-
crystallizing with olivine. We suggest hat this point 
was marked by compositional kinks of Ca and Cr in 
olivine around Fo79 (Fig. 4). The olivine in 
equilibrium with the pyroxene core  (fell   0.16) is  Fo81, 
which is close to the groundmass olivine core 
composition (Fo79). Then, the mesostasis minerals 
crystallized from residual melt. Because the degree 
of undercooling was significant, only olivine and 
pyroxene crystallized and plagioclase did not 
nucleate. The Al abundance in pyroxene 
monotonously increases, which also suggests no 
crystallization of plagioclase. Thus, we propose a 
phenocrystic origin of olivine megacrysts for
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Y980459 (which also means that Y980459 is a melt, 
no xenocrystic or cumulus components), but further 
study (e.g., experimental crystallization) is required 
to prove it. In fact, some shergottites (e.g., 
 EETA79001 lithology A) are believed to contain 
olivine xenocrysts and the origins of olivine 
megacrysts are still controversial in some  shergottites 
(e.g., Dar  al Gani 476) [e.g., 3-4]. 
Relationship to other martian meteorites 
   Y980459 is unique in the absence of plagioclase. 
Thus, texturally speaking, Y980459 is rather more 
similar to nakhlites than shergottites. However, 
olivine and pyroxene mineralogy shows closer 
relationship to shergottites than  nakhlites. Except for 
the presence of the mesostasis, the overall
Fig. 2. BSE image 
of the Y980459 
mesostasis. Note 
the presence of 
skeletal pyroxene 
(darker gray) and 
olivine (brighter 
grey) crystals. The 
width is  60  um.
mineralogy is similar to that of olivine-bearing 
basaltic shergottites. The mineral compositions of 
olivine and pyroxene are overlapping those of 
EETA79001, Dar al Gani 476 and Dhofar 019, 
though Y980459 has more Mg-rich cores of  Fo86 and 
 En81FsI7Wo2 (Figs. 6 and 7). Y980459 is the most 
mafic martian meteorite so far found and may be a 
key sample to consider the petrogenesis of olivine-
bearing shergottites. 
References: 
 [1] Meteorite Newsletter (2002) Vol. 11, p. 48. 
[2] McKay G. and Mikouchi T. (2003) In this 
abstract volume. [3] Zipfel J. et al. (2000) Meteorit. 
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THE YAMATO 980459 SHERGOTTITE CONSORTIUM. K. Misawa, Antarctic Meteorite Research Center, 
National Institute of Polar Research, Tokyo  173-8515 (misawa@nipr.ac.jp).
   Petrographic, oxygen isotopic and rare gas studies 
indicate that Yamato (Y) 980459 is a Martian meteorite 
related to olivine-phyric shergottites. The meteorite was 
collected on the bare ice field near the Minami-Yamato 
Nunataks on  4th December 1998. Y980459 is a single stone, 
weighing 82.46 gram, 5.0 x 4.2 x 2.6 cm in dimension, and 
is partially covered with shiny black fusion crust with 
ablation features. The surface of the meteorite has been 
physically eroded and the fusion crust in large part 
removed. However, the interior of the rock seems to be 
fresh (Fig. 1). 
   As briefly described in the Meteorite Newsletter (vol. 
11, No.  1) issued in October 2002, Y980459 is composed 
of olivine  phenocrysts, up to 2 mm in size, clinopyroxene 
and glass with minor amounts of oxide minerals (Fig. 2). 
Olivine is easily identified with the naked eye because of 
its yellow/orange color (Fig. 1). These petrographic 
features are similar to those of olivine-phyric shergottites: 
EETA79001 lithology A, DaG476,  Dho019,  SaU005, 
 NWA1068 and  NWA1195. A noteworthy feature observed 
in Y980459 is the absence of plagioclase or maskelynite. 
Bulk chemical composition of Y980459 is given in Table 1 
together with those of other olivine-phyric shergottites 
[1-5]. 
   After the announcement of this new Antarctic Martian 
meteorite, more than ten sample requests for investigation 
were received. At a meeting held on  22nd November 2002, 
the Committee on Antarctic Meteorite Research recognized 
the need for a coordinated consortium study of this Yamato 
olivine-phyric shergottite. The goals of this consortium are 
to  identify similarities and differences between Y980459 
and other olivine-phyric shergottites, and to constrain 
chemical and isotopic signatures of the shergottite 
source(s). The consortium will facilitate a balanced and 
effective study of the mineralogy, petrology, and 
geochemistry of this small sample. Our ongoing plan for 
the Y980459 consortium is summarized in Table 2.
Ya
Fig. 2. 
Photomicrograph of Yamato 980459,51-1. The meteorite 
is composed ofolivine phenocrysts, up to 2 mm in size, 
clinopyroxene and glass with minor amounts of oxide 
minerals. Scale bar = 2mm.
Table 1. 
Bulk chemical compositions of  olivine-phyric  shergottites.
Y980459 DaG476  Dho019  SaU005 EETA 
       [1,2] [3] [4]  79001A  [5]
Si02 
 TiO2 
A1203 
Cr203 
 FeO 
Fe203 
 MnO 
 MgO 
 CaO 
 Na2O 
K20 
 H2O(-) 
 H20(+) 
P205 
FeS 
Fe 
Ni 
Co
48.70 
 0.54 
 5.27 
 0.71 
17.32 
0 
 0.52 
19.64 
 6.37 
 0.48 
<0.02 
0 
0 
 0.29 
 0.26 
0 
 0.027 
 0.007
45.76 
 0.39 
4.37 
0.78 
16.06
0.45 
19.41 
7.66 
0.51 
 0.038
0.32
0.49 
6.65 
0.50 
19.9
0.48 
14.6 
9.42 
0.89
0.4
0.0230 0.0065 
 0.0051 0.0045
47.20 
0.42 
4.53 
0.78 
18.34
0.46 
20.49 
5.74 
0.60 
0.022
0.31
0.0310 
0.0055
48.58 
0.64 
5.37 
0.59 
18.32
0.47 
16.31 
7.05 
0.82 
0.03
0.54
 0.0158 
0.0047
Fig.  I. 
Macroscopic feature of Yamato 980459. The cube is 1 cm3.
Total 100.14 Italics: total iron calculated as  FeO.
*A
n aliquot of 1.4 gram from the 
 (Y980459,81) was used for wet chemica 
H. Haramura.
powdered sample 
 1 analysis. Analyst:
REFERENCES:  [1]  Banat J. A. et al. (2001) MAPS 36, 
23-29. [2] Zipfel J. et al. (2000) MAPS 35, 95-106. [3] 
Neal C. R. et al. (2001) LPS XXXII,  #1671. [4] Dreibus  G. 
et al. (2000) MAPS 35, A49. [5] Burghele A. et al. (1983) 
 LPS  XIX, 80-81.
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Table 2. Distribution of samples for Yamato 980459 consortium, including PTS samples.
Yamato 9804599 (82.46 gram) 
Subnumber Weight Investigator 
          (gram)
Institution Type of investigation
31 
40 
41 
51 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
66 
69 
70
1.115 
1.425 
1.487 
0.950 
0.783 
0.523 
0.675 
0.413 
0.457 
0.211 
0.184 
0.231 
0.447 
 0.512 
0.308 
0.248 
0.108 
0.092
Nyquist, L.
 McKay,  G 
Nakamura, N. 
Nishiizumi, K. 
Mikouchi, T. 
Nishiizumi, K. 
 Eugster, 0.
 Nagao, K. 
 Stoffler, D. 
  Marti, K. 
 Dreibus,  G 
 Grady, M 
 Nagao, K. 
Miyamoto, M. 
 Clayton, R.
     NIPR 
    NASA-JSC 
     NIPR 
     NIPR 
    NASA-JSC 
    Kobe Univ. 
     UCB
    Univ. Tokyo 
     UCB
     Univ. Bern 
    Univ. Tokyo 
Inst. Mineralogie, Berlin 
     UCSD 
    MPI, Mainz 
   NHM, London 
    Univ. Tokyo 
    Univ. Tokyo 
   Univ. Chicago
       PTSs 
      chronology 
      PTSs 
       PTSs 
 petrology & chronology 
      chronology 
      CRE 
      petrology 
      CRE 
      CRE 
       rare gas 
     shock features 
nitrogen & rare gas isotopes 
     chronology 
    stable isotopes 
       rare gas 
 reflectance spectroscopy 
    oxygen isotope
81 
82 
83 
84
2.585 
0.248 
0.252 
0.120
Ebihara, M. 
Dreibus,  G 
Nakamura, N.
     NIPR 
Tokyo Metropolitan Univ. 
    MPI, Mainz 
     Kobe Univ.
bulk chemistry (powdered) 
  chemistry (from ,81) 
  chemistry (from,81) 
  chemistry (from,81)
PTSs; Y980459,41-3: Mikouchi, T. (Univ. 
Y980459,41-5: Ikeda, Y. (Ibaraki Univ.).
Tokyo), Y980459,41-2: McKay,  G (NASA-JSC), Wadhwa, M. (FMNH),
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IMPACT STRUCTURES IN  JAPAN  : CASE OF TAKAMATSU-KAGAWA DISTRICT. 
Y.Miura, N.Koga and A.Nakamura, Institute of Earth & Planetary Sciences, Faculty of Science, 
Yamaguchi University, Yoshida 1677-1,  Yamaguchi  , Yamaguchi, 753-8512, Japan. E-mail: 
 yasmiura@yamaguchi-u.ac.jp
Introduction: 
  Studies on buried impact structure of Taka-
matsu -Kagawa district in Japan are summarized 
as meteoritic impact structure in active islands on 
the Earth, which can be applied to meteoritic im-
pacts on Antarctica. 
Research review: 
   Surface rocks of buried structure in Takamatsu-
Kagawa district from Busshozan-Cho, Takamatsu-
City to Kagawa-cho, Kagawa Prefecture, Shikoku 
Islands, Japan is firstly studied as granite with vol-
canic sediments in 1982  [1], where there is descrip-
tion that all rocks around small andesitic intrusions 
are also volcanic origins with granitic blocks. First 
anomalous gravity anomaly data was published with 
circular structure (ca.4km) with deep calculated 
depth  (ca.1.5km) in 1995 [2] , where the crater struc-
ture with buried rocks. Surface investigation with 
Electromagnetic CSAMT method shows that there is 
buried crater structure with Ca.700m in depth in 
1996 [3]. 
   First surface materials investigation of impact 
origins with glassy materials was reported by Miura 
(1995) [4] which was used impact evidence of gravity 
anomaly data [2]. Bulk data of surface rock analyses 
were reported by Yamada and Sato (1998) [5], where 
they interpret hese compositions as volcanic origin 
with cauldron depression structure, though it is bur-
ied with flat surface. They are used by Miura's com-
ment that there is strange volcanic or magic rock in 
surface blocks which is considered to be lifted from 
the bottom or flow-in sediments during buried forma-
tion. Miura et al.  (2001)[6] pointed out that there are 
many impact evidences of shocked quartz , Fe-Ni 
grains and glassy feldspar in hydrothermal or meta-
morphosed rocks intruded after impact event. Miura 
(2000) [7] reported that impact age of glassy spherule 
is 15.3Ma age which is the same period of Japanese 
islands and "Sea of Japan" formations. 
  First drilled samples are reported by Miura et 
al. [8, 9] which there are major four type layers of 
(a) lake or sea sediments (0 to 170m), (b) crater 
sediments type I (170m to 450m) of various round 
rocks to opened crater which are easily misunder-
stood as volcanic crater, (c) crater sediments type 
II (450m to  1,125m) of various impact evidences
of Fe-Ni grains and glassy rocks, and (d) base-
ment of granites rocks. These drilled 
Samples are collected carefully, especially mag-
netic Fe-Ni bearing grains. Remained samples 
without magnetic Fe-Ni grains are used as vol-
canic 
rocks by Watanabe and Hasegawa of Kagawa Uni-
versity at EPSJ 2003 meeting in  Chiba-Makuhari, 
Japan, though Miura of Yamaguchi University 
claimed that they used non-scientific samples 
without magnetic particle are used in their  report  ,
and that they has no scientific reason and 
evidences for their volcanic crater origin. 
Impact materials: 
  The impact materials found only in surface 
and drilled samples of this buried crater are (a) 
Fe-Ni-Co grains  (ca.10gm in size) , (b) spherules 
of polyhedral shapes  (ca.50gm in size) , (4) 
shocked quartz, and (5) glassy feldspar and quartz. 
Water analysis: 
   Water analysis from the crater bottom of 
1,750m indicates that water from buried crater 
bottom is not volcanic type, but non-vocanic,deep-
layer groundwater and fossil sea-water type  water  . 
Broken buried crater structure: 
   Although almostall researchers listed before 
do no agree with broken buried crater of Tamaka-
tsu-Kagawa district. The following is the evidence 
of crater broken during Japan islands formation 
(Fig.1). 
  (a) Depth of the buried crater is relatively 
     deeper that continental type impactcrater. 
  (b) Almost all granites in and out theburied 
     crater are shared and broken to makevein 
     structure. In fact I could not fine anyho-
     mogenous hard granite near the crater. 
  (c) There is NO rim boundary at the CSAMT 
     measurement a line profile, though there 
     is clear bottom of granite. 
  (d) From detailed analyses of gravity anomaly 
    maps indicates that i) there is ellipsopidal 
     shape stressed from the Goshikidai ntru-
     sion event, ii) gravity anomaly mapadded 
     small Andes tic intrusions produced circu-
     lar structures finally. 
  (e) Intrusions of small andesine which are 
     used as main reason for volcanic craterare
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     distributed as paralleled lines along hard 
     granites blocks at south district. 
  (f) Slop of rim of crater is rapid and deep near 
     at small andesite intrusion at south rim of 
      the crater, whereas north rim shows slow 
     slop of impact crater type. 
  (g) Round shape of crater structure with ca. 
     8km size is remained at south though 
     small anesites are intruded even in granitic 
      basement. 
  (h) There are many bottom materials of the 
     carter which are lifted by small volcanic 
     intrusion. The depression structure of 
     cauldron structure is not this type of
     movement which is used as main reason 
     for volcanic origin. 
  (i) There is no uplift penetration of large vol-
     canic and magmatic intrusions to make 
     mountain or plateau in the buried crater. 
Definition of impact crater in volcanic islands: 
   The following is definition of meteoritic im-
pact crater in volcanic islands, which mainly 
based on Takamatsu-Kagawa district. 
a) There are impact materials of shocked quartz, 
   Fe-Ni grains and glassy breccias. 
b) Crater is usually broken (by river, fault, and 
   depression by intrusion) during island forma-
    tion. 
c)  Hard basement rock of granite is inevitable to 
   reserve original impact crater event. 
d) Many small volcanic intrusions (mainly vein 
   type) are found along cracked area. 
In short, there is no original type of continental 
impact crater in volcanic islands (as reported be-
fore), but "broken or buried crater structure with 
mixed impact and volcanic (hydrothermal) struc-
ture and rocks". 
Summary: 
   It is completely difficult to find continental type 
Crater in Japan islands, because of it is broken by 
volcanic events if basement rocks are not so hard. 
Although many typical scientists look for continental 
type impact carter in opan, they reported short specu-
lation of volcanic crater. However buried crater of 
Takamatsu-Kagawa district is not the type of vol-
canic crater, but broken bruied impact carter which 
is considered to be definition of impact crater in vol-
canic islands in Japan.
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 Fig.l. Gravity anomaly mapping of Takamatsu-
Kagawa district (center as dark area), together with 
volcanic Goshikidai compression from NW direction 
shown by arrow, and expansion to the NE and SW 
direction. Slop of crater im is perpendicular only at 
small andesite intrusions at south and east of the cra-
ter. 
Original crater im of south range are remained as 
show as solid line (ca.8km in size). Gravity anomaly 
levels are secondary formed by crustal movements of
depression, expansion and broken process. This  bro-
ken process of impact crater can be found in Sudbury 
crater and so on at continents (to make large natural 
sources), but Japanese crater in Takamatsu and Ka-
gawa is broken and filled by small andesite intrusion 
of vent type (to make hyrothermal products or buried 
 metamorphism)  .
Magmatic inclusion in olivine of the Chassigny martian meteorite: Comparison with 
other martian meteorites inclusions. A.  Monkawa1, T.  Mikouchi', E.  Koizumi', M. 
 Miyamotol  .1  Department of Earth and Planetary Science, Graduate School of Science, University of Tokyo, 
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan
Introduction: 
   Chassigny is a dunite with rare poikilitic Ca-rich 
pyroxenes containing lamellae of exsolved Ca-poor 
pyroxene  [1]. It has a modal composition of 90% 
olivine, 5% pyroxene, 2% feldspar, and 3% 
accessory phases. Olivine is by far the most abundant 
mineral, and compositionally homogeneous 
throughout the samples having an average forsterite 
content of 68 mol%. The anhedral to subhedral 
crystals are generally in close contact with each other 
and, occasionally, contain small melt inclusions. 
These inclusions are found to include hydrous Ti-rich 
amphibole (kaersutite) [2], high and low-Ca 
pyroxene,  chlorapatite, troilite, chromite, pentlandite 
and alkali feldspar-rich glass. 
   Johnson et  a/. [2] reported occurrence of Ti-rich 
amphibole (kaersutite) and Ti-rich (8.9 wt%) biotite 
in a large magmatic inclusion (300  gm). They also 
estimated Chassigny crystallization condition by the 
experimental investigation of kaersutite/melt 
equilibrium. Watson et  al. [3] determined the  D/H 
ratio and water content of kaersutite grains in 
Chassigny by ion probe. Varela et al. [4] reported 
three types of glass-bearing inclusions present in 
Chassigny olivine, and performed heating 
experiments on these melt inclusions. 
   Martian magmatic inclusions are considered to 
give important information on the martian parent 
magma composition. However, the crystallization 
process of constituent minerals in the inclusions is 
not fully known. In this study, we infer the 
crystallization process of martian magmatic 
inclusions from observation of characteristic zoning 
of Al-Ti rich augite and chemical composition of 
kaersutite. 
Observation: 
   Three types of inclusions are present in 
Chassigny olivines: polyphase inclusions, pure glass 
inclusions and monocrystal (glass+crystal) inclusions 
[1]. The inclusions are usually surrounded by radial 
cracks. 
    Polyphase inclusions in Chassigny have 
variable sizes (20-150  gm, Fig. 1), a subhedral or 
euhedral shape, and generally one or two of them are 
present in a given olivine, and only few are forming 
clusters. Polyphase inclusions in Chassigny mainly 
consist of low-Ca pyroxene  (CaO =  —1.5 wt%), 
high-Ca pyroxene  (CaO = —22 wt%) and feldsparthic 
glass. Most of the low-Ca pyroxenes have very low 
wollastonite contents (< 5 %), and assumed to be 
orthopyroxenes. Low-Ca pyroxenes nucleate on the 
host olivine along the inclusion wall. A few high-Ca 
pyroxenes show reverse chemical zoning that the 
Mg-rich  (MgO = 14 wt%,  FeO = 7.5 wt%) rim is 
more than the core  (MgO = 10 wt%,  FeO  = 10.5
wt%).  A1203 and  TiO2 contents of these high-Ca 
 pyroxenes core  (A1203 = —6 wt%,  TiO2 = —2 wt%,) 
are higher than the rim  (A1203 = —4.5 wt%,  TiO2 = 
—1.4 wt%,). Feldsparthic and Si-rich glasses consist 
of several phases uch as K-rich (K20 = —14 wt%), 
Na-rich (Na20 = —10 wt%) and Si-rich (Si02 = —94 
wt%). 
   Kaersutite (size of 50-80  gm, Fig. 2) can be 
found in some polyphase inclusions. This kaersutite 
has a high Ti content (-7 wt%)  [1]. F and  CI 
abundances are low (F = 0.5 wt%, Cl = 0.1 wt%) [3]. 
Chlor-apatite (3.6 wt%  Cl [2]) and troilite are also 
present in some polyphase inclusions. Anorthite and 
albite are present ina few inclusions. 
   The pure glass inclusions have sizes varying 
from less than 10-40  gm in diameter, have subhedral 
shape, and generally occur in clusters with a few of 
them being isolated in the center of some olivine 
grains. Chemical compositions of these inclusions 
are rich in Si02 (66-75 wt%) and A1203  (18-21 wt%). 
Relatively Si02-poor (66 wt%) inclusions are rich in 
Na20 wt%) and K20  (-4.5 wt%). 
Comparison of magmatic inclusions between 
Chassigny and other martian meteorites: 
   Nakhla is an olivine-bearing clinopyroxenite 
consisting mostly of augite with much less abundant 
Fe-rich olivine (Fa60-Fa75). The olivine grains in 
Nakhla contain occasional magmatic inclusions [5, 6]. 
These inclusions consist of augite, Si-rich glass, 
alkali feldspar, chlor-apatite and Fe-Ti oxides 
(ilmenite and Ti-magnetite). Chemical composition 
of augite in Nakhla inclusion is similar to the 
Chassigny Ca-rich pyroxene except for Mg# 
(Chassigny: Mg# = 0.74, Nakhla: Mg# = 0.37). 
However, kaersutite is not present in Nakhla 
inclusion. Fe-Ti oxides are contained in the 
inclusions instead of kaersutite absence. Estimated 
bulk composition of the  Nakhla inclusion is similar 
to estimated composition of Chassigny bulk 
inclusion except for Ca content and Mg#. 
   Shergotty and Zagami are a fine- to 
medium-grained rock (basaltic shergottite). 
Magmatic inclusions are found in the Mg-rich cores 
of the pigeonite grains in theses meteorites [7]. The 
size of magmatic nclusions is usually 50-100  gm 
long and their shapes are irregular. These inclusions 
consist of Al-Ti-rich augite, Si-rich glass, rare 
kaersutite and hercynite  spina The size of 
kaersutites i up to 20  1.1M long. The important 
observation is that kaersutites do not coexist with 
Fe-Ti oxides. 
   Magmatic inclusions are also present in olivine 
and pigeonite of LEW 88516 and ALH77005 
(lherzolitic shergottite) [8, 9]. The inclusions consist
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of Al-Ti-rich augite, Si-rich glass, magnetite,  Ca. 
phosphate (merrillite), pyrrhotite, and ilmenite 
Kaersutite-bearing magmatic inclusions occur only 
within pyroxene. Kaersutites often coexist with 
Al-Ti-rich augite and Si-rich glass. 
Discussion: 
   Most martian magmatic inclusions contain Al-Ti 
rich augite. We consider two models for the 
crystallization of Al-Ti rich augite. The first model is 
that Al-Ti rich augite crystallizes from Al-Ti rich 
magma. If the chemical composition of magmatic 
inclusion is Al-Ti rich, those contents in the host 
pyroxene should be as rich as Al-Ti rich augite in the 
magmatic inclusion. However, this is not the case 
because the host augite is not Ti and Al rich. The 
second model is that Al-Ti rich augite in the 
magmatic inclusions was produced by rapid cooling 
and rapid crystallization. Tracy and Robinson  [10] 
suggested that these conditions may produce the 
growth of Al-Ti rich augite and residual liquid 
compositions necessary for Al-Ti rich augite 
crystallization. Martian magmatic inclusion seems to 
crystallize under rapid cooling because Si-rich glass 
remains in large area and shrinkage bubble is absent. 
Therefore, martian magmatic inclusion cooled 
rapidly. 
   Some Al-Ti rich augites in Chassigny magmatic 
inclusions show reverse zoning from Mg-poor core 
to Mg-rich rim. The zoned Al-Ti rich augite has a 
sharp boundary between the Mg-rich and Mg-poor 
regions. The formation of boundary shows that the 
Mg-rich rim grows after crystallization of Mg-poor 
core. Mg-rich rim probably grows during remelting 
caused by high temperature  condition. High 
temperature condition should proceed during only 
short time because augite core remained without 
melting. This condition is similar to the rapid cooling 
induced by shock event. Magmatic inclusions of 
olivine in Chassigny are probably reheated by shock 
event after the formation of the inclusion. 
   We propose a following model to explain the 
formation of the Mg-rich rim. The model is that the 
crystallization of Mg-rich rim occurred at lower 
oxygen fugacity than the crystallization of core. The 
Mg-rich rim may grow on Mg-poor augite at more 
reduced condition compared to the augite core after 
core crystallization. 
   A few martian magmatic inclusions contain 
kaersutite. The typical occurrence of terrestrial 
kaersutite is crystallization from Ti-rich magma (e.g. 
alkali basalt). Although such Ti-rich magma usually 
crystallizes Ti-rich minerals (Fe-Ti oxide, titanite) 
other than kaersutite, there are no Ti-rich phases in 
kaersutite-bearing martian magmatic inclusions 
except for kaersutite. If martian kaersutite 
crystallized from Ti-rich magma, Fe-Ti oxides would 
crystallize from the magma. Therefore, 
kaersutite-bearing magmatic inclusion may be under 
the unstable condition for the crystallization of Fe-Ti 
oxides. Fe-Ti oxides are unstable under high-pressure
and high-temperature conditions [2]. As previously 
mentioned, high-pressure and high-temperature 
conditions are induced by martian shock event. Then, 
Fe-Ti oxides may be melted under these conditions, 
which are caused by shock event after crystallization 
of Fe-Ti oxides. Martian kaersutite may crystallize 
from Ti-rich melt produced by melting of Fe-Ti 
oxides. Results of shock experiment show that 
Ti-rich melts are produced by the melting of Fe-Ti 
oxides during shock event  [11]. 
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 Introduction  :
  Three Yamato meteorites (Y000593, Y000749 
and Y000802) collected by the 41st JARE, 
probably all paired, form the first and the largest 
nakhlite to be found in Antarctica [1]. We have 
analysed a set of near surface and interior samples 
from Y000593, for their noble gas, nitrogen and 
nuclear track records, to delineate the cosmic ray 
exposure history of this meteorite and the martian 
atmospheric and interior components. 
Noble  Gases  :
  Two samples (Y000593, 84 and 95) have been 
analysed for N and noble gases by stepwise heating 
by standard procedures [2]. A larger split of (, 84) 
has been first analysed by vacuum crushing and 
later by stepwise pyrolysis. But due to technical 
problem data beyond 400°C combustion step have 
been lost for this sample. The data for He, Ne, Ar, 
N and Kr, Xe are presented in Tables 1 and 2 
respectively. Presence of radiogenic (4He,  40Ar) 
and trapped components (Ne, Ar, Kr, Xe), in 
addition to cosmogenic omponents i clearly seen. 
Cosmogenic amounts, production rates and the 
inferred exposure ages are given in Table 3. 
Trapped  Components  :
  Vacuum crushing has released only a few 
percent of total gas, but the isotopic ratios clearly 
suggest hat a major fraction is of trapped origin. 
The value of  129Xe/I32Xe indicates that the trapped 
Xe is of predominantly interior origin, possibly 
suggesting that other noble gases could also be of 
interior origin. The Ne three isotope plot  (Fig.1) 
indicates a two component mixture of trapped 
(interior) and cosmogenic components. Linear 
regression of the data gives  (20Ne/22Ne), 
9.09±0.72, within errors similar to  'Air' value. In 
                      40                                                 , Fig.2, the values oftAr/36Ar) corrected for 
cosmogenic contribution are plotted against the 
release temperature. The minimum value of 
 (40Ar/36Ar)  ) 42 in this plot, at high temperatures 
represents the upper limit for the trapped 
component. This value of 42 is the lowest found so 
far in martian meteorites and indicates that Mars is 
much less degassed as compared to Earth or the 
ratio of  IC/36Ar is much less in the martian mantle. 
The trapped ratios  84—Kr/132Xe and 36Ar/32Xe are 
unlike the fractionated atmosphere generally found 
in Nakhlites, but are similar to the values found in 
Chassigny [3]. 
Exposure  age  :
  Cosmogenic  3He,  21Ne and 38Ar for the analysed 
samples (,84 and, 95) are given in Table 3. The 
production rates have been calculated, using the
chemical composition from [4] and employing the 
procedure of  [5].  (22Ne21Ne)c (1.186±0.005 for ,95 
and 1.145±0.004 for ,84) is used as a shielding 
parameter, and shielding dependance forNakhlites 
has been taken to be the average of those of 
eucrites and howardites [6]. The exposure ages T3, 
T21 for both samples are in agreement with each 
other within uncertainties and also with those 
reported by [7]. The values of T38 calculated by the 
method suggested by[8] are considerably lower in 
the present work as well as in [7], probably due to 
use of inappropriate production rate. We take the 
average of the T3, T21 of both samples,  11.9+1.2 
Ma as the exposure age for Y000593. This value is 
similar to that of other nakhlites, uggesting that 
most nakhlites were ejected in a single event from 
Mars. 
Nuclear  Tracks  :
  Five near surface samples (Y000593, 91 to 95) 
from a depth of >0.5 cm below the fusion crust 
(FC) and one interior sample (,84) cm below FC 
were analysed to reveal nuclear tracks in olivines 
and pyroxenes by standard procedures [9]. Track 
densities in pyroxenes are in the range of  —106cm-2 
in samples 84 and 95, while in the rest, they fall in 
the range of  (4-5)106cm-2 for pyroxenes and 
olivines. From the total recovered mass of 
[Y000593 (13, 713 g), Y000749 (1,283 g) and 
Y000802 (22g)] 15,018 g and the exposure age of 
12 Ma, we can infer the shielding depths of the 
different samples within the preatmospheric 
meteoroid following  [10]. These values are —7 cm 
for the interior sample 84, and —2 to 3.5 cm for the 
other near surface samples except for sample (,95) 
for which we infer a shielding depth of —6.5 cm. 
Since Y000593 is part of a multiple fall, we believe 
that the higher shielding depth of the sample (,95) 
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Fig.2 Release Pattern of Cosmogenic corrected  40Ar/36Ar ratio. 
interior sample from close to the fracture along 
which thepiece Y000749 broke off. The average 
value for ablation of the near surface samples is 
 —2.5 cm. Assuming a nearly uniform ablation for 
this fall, we infer the preatmospheric size of the 
meteoroid to be  —13 cm that suggests a low mass 
ablation  of  —50%, similar to that of  Nakhla[11]. 
 Nitrogen  :
  The two samples (,95) and (,84) have N 
contents (ppm) of 2.66 and 2.44 respectively and 
yeilded  615N C/00) values of 16.49 and 19.54. 
Signature of light N was not present in any 
temperature step. However, the vacuum crushing
that released <3% of gas with  615N of  -12.5%0, 
clearly suggests the presence of a light trapped 
component of interior origin, as has been also 
observed in other martian meteorites arlier [3,12]. 
The  (14N/36Ar)„ for the gas released in the vacuum 
crushing is about an order of magnitude lower as 
compared tothe pyrolysis value (which represents 
the total sample), indicating the possible presence 
of two interior components forN. 
References: 
 [1] Kojima H et al.(2002) Antarctic Met. 
27, 66-68; [2] Murty S.V.S. (1997)  MAPS 32,  687-
691; [3] Mathew K.J. and Marti K. (2001) JGR 
E106, 1401-1422; [4] Oura Y. et al. (2002) 
Antarctic Met. 27, 143-145; [5] Eugster  0 and 
Michel T. (1995) GCA 59 (177-199; [6] Eugster  0.
et al. (1997) GCA  611 2749-2757; [7] Okazaki R. et 
al. (2002) Antarctic Met. 27, 134-136; [8] Welten 
K.C. et al. (1997) MAPS 32,  891-902; [9] Bhandari 
N et al. (1972) Proc.  Ind. Acad. Sci. 76, 27-50; 
[10] Bhattacharya S.K. et al. (1973) JGR 78,  8356-
8373; [11] Murty S.V.S. et al. (1999) MAPS 34, 
A84-A85; [12] Mohapatra R.K. and Murty S.V.S. 
(2003) MAPS 38, 225-242.
Table -1. Data for He, Ne, Ar and N of Y000593 samples
Sample Method 4 22 36 3/4 20/22  21/22 38/36 40/36 N(ppb) SIN
(%o) 10-8ccSTP/g  (x104)
, 95 Step
heating
480.3 2.82 1.18 305.2
±25.8
1.128
.014
 0.8144
.0037
1.229
.006
274.1
2.5
2655 16.49
.77
, 84
(Small split)
II 1304 3.12 1.09 144.2
12.2
1.647
.012
0.7974
.0026
1.178
.001
465.7
4.4
2438 19.54
.65
 ,84
(Large split)
 VC*
25 strokes
0.48 0.014 0.12
3
126.3
10.7
8.266
.010
0.1068
.0009
0.1890
.0003
330.6
3.2
67.6 -13.57
.20
1500
strokes
12.3 0.020 0.01
0
111.9
9.5
1.055
.020
0.8417
.0043
0.7932
.0044
1289
10
2.4 17.32
1.04
Errors in concentrations are ±10%. Isotopic ratios represent 95% C.L;  *Vacuum crushing;
Table -2. Elemental ratios and  129Xe/132Xe values
Sample Method  "Ar !
 10-  wccSTP/g
 129xe/132xe
 ("Krimxo,  (36Ar/132Xe),
 14N/36Arl
 (10
 (40ArP6Ar)co,„.
, 95 Step heating 24.4 1.020
.006
0.52 11.8 174 1320
53
, 84
(Small split)
II 26.9 1.063
.007
1.03 19.0 145 1896
72
, 84
(Large split)
 VC
25 strokes
12.3 1.058
.009
14.4 920 8.8 330.6
3.2
1500 strokes 0.57 1.121
.009
0.92 11.0 12 4181
145
Table -3. Cosmogenic components, production rates and exposure ages
Sample
Cosmogenic amounts Prod. Rates Ex p. Ages (Ma)3He  I  21Ne  I  38Ar P3 I P2I  P38 T3  T2I T35
 104ccSTP/g  10-1°ccSTP/g Ma
, 95 14.66 2.284 1.406 162 17.0 15.5 9.1 13.5 9.1
, 84 18.80 2.520 1.239 164 18.7 14.6 11.5 13.5 8.5
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 Introduction  : 
  Yamato 983885 is the second lunar meteorite 
from the 1998 collection. It is a polymict regolith 
breccia with abundant clasts, especially feldspathic, 
set in a dark brown glassy matrix  [1]. Its high Al 
and Ca abundances indicate that it is a lunar 
highland anorthosite. We received four spot 
samples [one from the interior and three from 
mm below fusion crust (FC)] for the investigation 
of cosmic ray exposure history and trapped gases. 
Nuclear tracks: 
  Track studies were attempted in all four samples 
(85, 86, 87, mm  below FC, and ,75 from  ?..2 cm 
depth) following standard procedures [2]. Nuclear 
tracks could be identified only in olivines from the 
interior samples. The shocked nature of the 
feldspathic grains led to either complete or partial 
dissolution during etching and the uneven etched 
surfaces of the surviving rains made it difficult o 
identify the presence ofnuclear tracks. The olivine 
grain from sample (,75) has a track density of 
 —2x106  cm  2; no solar flare tracks are seen. The 
recovered piece of Y983885 (289.71 g) has a 
smoothly rounded surface with a thin FC [1], 
probably indicating a single piece fall. The olivine 
grain with tracks comes from almost he center of 
the recovered object. If all the tracks are attributed 
to production during Moon-Earth transit, we can 
estimate 2 Ma for this exposure duration (assuming 
a zero ablation case). But, considering the 
possibility that a fraction of the tracks could be 
produced uring the lunar regolith residence, the 
transit time could be much less than 2 Ma. On the 
other hand if we consider an upper limit of 10 Ma 
(the maximum value observed for lunar meteorites 
[3]) for this transit time, we obtain an upper limit of 
ablation of 2 cm for Y983885.
Noble gases: 
  Three samples (75, 85 and 87) have been 
studied for N and noble gases by stepwise heating, 
using standard procedures [5]. During the analysis 
of the sample (,75), due to technical problems the 
furnace temperature did not raise above  —1200°C 
and further analysis has to be abandoned. Data for 
only the other two samples will be discussed here. 
Abundances of noble gases and nitrogen and 
isotopic composition of He, Ne, Ar and N are given 
in Table 1, while cosmogenic components and 
exposure ages are listed in Table 2. 
Trapped Component: 
  Noble gases are dominated by solar gases in 
both samples, but gas amounts in (,85) are about 3 
times high. In  Fig.l, the abundances of Y983885 
samples are compared with those of lunar meteorite 
QUE93069 [6] the most solar wind rich sample so 
far and the lunar  illmenite 12001 [7]. Eventhough 
there is considerable amount of 4He loss in both 
lunar meteorites as compared to 12001, Y983885 
has the highest SW gas concentration (higher than 
even 12001, except for He, Ne losses).  (4He/201\1e) 
values are 8.8 and 9.8 for (,85) and (,87) 
respectively, as against the expected value of —400 
[7] and is indicative of substantial He loss, most 
probably during the ejection event. This He loss 
would have also severely fractionated the isotopic 
ratio (3He/4He). We cannot herefore calculate  3Hec. 
In the step heating, the lowest temperature fraction 
gave  20Ne/22Ne in the range of 13.1 to 13.6 falling 
down to 11.8 at 1400°C. The release patterns of gas 
amounts are given in Fig.2. Most of Ar, Kr, Xe and 
N are released in 1200-1400°C range; while peak 
release of 4He and  20Ne occurred at 800°C. For 
Y983885,87 the lowest value of  38Ar/36Ar (0.1868) 
and  40Ar/36Ar (1.07) occur at 1400°C where the 
peak 36Ar release is observed. We take these values 
and  (21Ne/22Ne), = 0.0328 [8] as the trapped ratios 
in calculating the cosmogenic and radiogenic 
components. A trapped 40•Ar36                       r-Ar value of 1.07 
implies that surface exposure of (,87) took place 
around 500 Ma ago [9]. We calculate a radiogenic 
40Ar  =1329x10-8cc STP/g for (,87) and using 
K=910 ppm  [1], K-Ar age of 2.0±0.2 Ga is 
obtained. For sample (,85), we correct he measured 
40Ar/36Ar atio for radiogenic and cosmogenic 
contributions and obtain  c0Ar/36Aot = 1.26, 
implying a surface exposure at —650 Ma ago [9]. 
Cosmogenic components: 
  Cosmogenic 21Ne and 38Ar are listed in Table 2. 
The shielding depth indicator c1xe/126xe)c  values 
are 3.3±0.5, 3.7±0.5 for 85, 87 respectively,
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implying a shallow irradiation depth of  ._.30  gcm-2 
in the lunar regolith [10]. We calculate the  27c 
irradiation production rates by using the values of 
 [10], as well as by those of  [11] for 21Ne and obtain 
regolith exposure ages (for the samples 85, 87) of 
1850±330 Ma and 520±90 Ma respectively by 
using the production rates  [10] and somewhat 
lower values of 1400±250 Ma and 400±70 Ma by 
the procedure  of  [11].
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                Temperature  (°C) 
Fig. 2Release pattern of oble gases and nitrogen for Y983885,87 
Nitrogen: 
  Similar to noble gases N also is about a factor of 
3 higher in (,85). Both samples qualitatively display 
the same  515N release pattern of initial heavy N, 
intermediate light N and again heavy N at high 
temperatures, which is typical of lunar soils  [12]. 
The ratio  14N/36Ar fo both samples i about 300, an 
order of magnitude larger than expected for solar 
composition, a feature typically found in lunar 
soils, but for which there is no satisfactory
explanation [13]. So far, N data are available for 
only two lunar meteorites, the solar gas poor 
MAC88104/105 [14] and the relatively solar gas 
rich DaG 262 [15]. The  515N release patterns of 
Y983885 and DaG 262 are similar. 
Exposure scenario for Y983885: 
  Our data suggest a complex regolith exposure of
different components of Y983885. The two 
samples tudied by us have received their solar 
wind irradiation on the lunar surface at slightly 
different epochs, then compacted into a polymict 
breccia and appeared to have received GCR 
exposure as a single rock until ejection from Moon 
from a shallow depth of  <30  gcm-2 in the lunar 
regolith. Exposure prior to compaction (in sample 
,85) is reflected by its higher exposure age at a 
similar shielding. 
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Table -1. Noble gas and nitrogen data for lunar meteorite Y983885 samples
Sample 4He  "Ne 36Ar  "Kr 1"xe N
 (ppm)
815N
 (%o)
3He/4He
 (104)
 20Ne/22Ne  21Ne/22Ne 38Ar/36Ar  4°Ar/36Ar
 106  1010
, 85 32559
±3256
295
30
1272
127
8585
1290
1643
246
260
26
6.21
.52
1.96
.16
12.52
.01
0.0395
.0001
0.1871
.0001
1.270
.001
, 87 12567
1257
102
10
369
37
2525
380
423
63
69.6
7.0
5.05
.20
2.80
.24
12.59
.01
0.0383
.0001
0.1878
.0001
1.108
.001
Concentrations are in ccSTP/g units. Errors in isotopic composition are 2a
Table -2. Cosmogenic omponents, production rates  (104ccSTP/g Ma) and exposure ages (Ma) 
       for  2n irradiation
Sample
 2'Ne  I"Ar*  131Xe/126XeHohenberg  et  al. (1978) Leya et al. (2001)
 10-sccSTP/g P21 T21 P21 T21
, 85 205
±21
48 3.35
.50
0.111 1850
350
0.146 1404
253
, 87 58
6
44 3.67
.55
0.111 522
94
0.146 400
72
 *These values are highly uncertain due to the dependence on trapped ratio chosen
.
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Introduction: 
   As a part of consortium study on Yamato 
980459 shergottite, we have measured noble gas 
isotopic compositions. The meteorite was discovered 
as a single stone weighing 81g, and is composed of 
olivine, clinopyroxene and glass  [1]. Petrographic 
features resemble those of other basaltic shergottites 
 [2].
Experimental procedure: 
   Y980459bulk sample weighing 146.6mg was 
used for noble gas measurement. Noble gases were 
extracted by heating it stepwisely at temperatures of
400, 600, 800, 1000, 1300 and 1750°C. Evolved 
gases were purified with two Ti-Zr getters. He and 
Ne were separated by adsorbing heavier gases, Ar, Kr 
and Xe, on a charcoal trap kept at the liquid nitrogen 
temperature, and introduced into a noble gas mass 
spectrometer (Modified VG5400/MS-II) for isotope 
analysis. After He and Ne measurement, Ar, Kr and 
Xe were released from the charcoal trap by heating it, 
then Kr and Xe were trapped on a cryogenically 
cooled trap at the temperature of 105K and Ar was 
measured. Kr and Xe were measured separately by 
releasing Kr from the trap at the temperature of 
150K. 
     Sensitivities and mass discrimination 
correction factors were determined by measuring 
known amount of atmosphere (ca.  5x104cm3STP) 
and a 3He and 4He mixture with  3Hei4He=1.71x10. 
Blank levels were  7x10-I°  (4He),  2x10-12  (20Ne), 
 6x10I°  (4°Ar),  2x10-14  (84—  Kr) and  4x10-15  (132xe) in 
 cm3  STP.
Results and discussion: 
     Isotopic ratios of He, Ne and Ar, and 
concentrations of representative isotopes are 
presented in Table. Trapped noble gas concentrations 
are low and cosmogenic nuclides are dominant 
especially in He and Ne.  40Ar/36Ar ratio corrected 
for cosmogenic 36Ar at the lowest temperature is 305, 
which is close to that of Earth's atmosphere, while 
the ratios for higher temperatures are as high as 
1000.
    The high ratios at the temperatures higher than 
1000°C are accompanied with high  129Xe/132Xe 
(>1.4), suggesting presence of Martian atmosphere. 
In thefigure of129xe/132Xe vs.  841(11132Xe, datapoints 
for high temperatures are plotted along the mixing 
line between Mars atmosphere and Martian interior. 
The trend is observed for shergottites, which 
indicates presence of trapped Martian atmosphere. 
Though data points at the low temperatures are 
plotted close to the Chassigny, which is supposed to 
represent Mars interior; they might be the 
fractionated Earth's atmosphere often observed in 
shergottites from hot deserts. 
    Cosmic -ray exposure ages calculated based on 
cosmogenic  3He,2INe and 38Ar are 1.6, 2.5 and 2.1 
Ma, respectively. Considering partial oss of He from 
the meteorite, exposure age would be around 2.1-2.5 
Ma. Though terrestrial age of this meteorite is not 
available, the ages for Antarctic SNCs are 0.007-0.29 
Ma [3]. Hence the ejection age for Y980459 would 
be in the rage of 2.1-2.8 Ma, which is comparable to 
those of basaltic shergottites  NWA480 (2.4±0.3 Ma) 
and QUE94201 (2.8±0.3Ma)  [3].  .
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 Table.  Noble  gas  concentratiors end  isotope  ratios of  Y980459  shergottite
 Semple &  Release  Fractions 'He eire  22Ne  '`'Nei'zNe  e/"Ne  3°Pr ''Pr/"Ar  ArP°Ar tax. Art'Ar)*
 Y45904 
 Y45906 
 Y45908 
 Y459_10 
 Y459_13 
Y459  175
400  °C 
600  °C 
800  °C 
1000  °C 
1300  °C 
1750  °C
23.4 
41.8 
121 
 7.25 
  ND 
  ND
±  0.016 
 0.1622 
 0.0069 
 0.1187 
± 0.0018 
 0.131 
±  0.032
0.144 
0.210 
2.11 
3.24 
1.19 
2.13
±  0.049 
 0.903 
±  0.025 
 OB058 
±  0.0056 
 OB233 
± 00026 
 0.8557 
±  0.0056 
 08695 
±  0.0046
 Q5420 
±  00075 
 Q7003 
± 00043 
 Q801 
±  Q013 
 08155 
±  00054 
 Q8247 
± 00021 
 08256 
± 00027
 0.3690.1932  ±  0
.0005 
 0.03330.279 ± 0
.015 
        0.6010  0
.351       ±  0
.0069 
 0.317 0.914  ±  
.013 
 0.287  1.206  ±  0
.018 
 1.131.2775  0
.0050
± 0.52 
 393 
± 18 
 8328 
±  5.8 
 5098 
± 42 
 258.41 
±  0.83 
 191  98 
± 0.50
38.6 
 3.94 
324 
2.62 
2.14 
7.72
102 
327 
2.15 
 0366 
0293 
0984
 0.5 
421.6 
20.3 
908.0 
10.6 
1091.8 
24.5 
1023.4 
52.5 
959.5 
17.7
ata
He.  P.  and  k  concentration,  are  in 10  creSTRia: Kr  and Xe are in  10"  cm'STP/a 
 • corrected  far cosmogenic
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IN SITU STEP HEATING EXPERIMENTS OF ORGANIC COMPONENTS IN 
TAGISH LAKE METEORITE. 
K. Nakamura', S. Nakashima2, D. Shiota2, M.E.  Zolenskyl and L.P. Keller' 'NASA Johnson 
Space Center, Houston TX  77058(keiko.nakamural  jsc.nasa.gov),  2lnteractive Research 
Center of Science, Tokyo Institute of Technology, Tokyo 152-8521, Japan
Introduction: The Tagish Lake meteorite is a new 
type of water- and carbon-rich carbonaceous 
chondrite [1,2]. Its total carbon content is  — 5 wt% 
and the organic arbon content reaches —1.3 wt% [1]. 
We reported from the Tagish Lake sample#TL3B6 
the first in situ observation of the hollow organic 
globules [3]. TL3B6 is generally enriched in the 
organic globules that consist of aliphatic and 
oxygenated functionality similar to the material 
produced by the  laboratory simulation of UV 
photolysis of interstellar ice analogs[4] suggesting 
that the organic globules in Tagish Lake may be 
extremely primitive organic material that formed 
before or during the formation of the solar system. 
  Here we report he micro-samplingFTIR analysis 
of the TL3B6 and the in situ step heating 
experiments: which can allow us to place 1) 
significant constraints on the organic 
functionality in Tagish Lake; 2) the thermal 
stability of the organics; and 3) thermal history of 
the meteorite and its parent body. For 
comparison, the membranous films formed from 
hydrothermal reaction of an OH-bearing amino acid 
(theronine: Thr) and silica mixture [5] were 
examined. 
Sample Preparation and Experimental 
Technique: Several fragments  (100pm in size) from 
TL3B6 matrix were embedded in elemental sulfur 
and ultramicrotome thin sections were prepared for 
TEM investigation. The remainder ofthe sample in 
the sulfur was recovered and softly pressed into KBr 
plates for  p.FT-IR measurements by JASCO 
 MFT-2000 and JASCO IRTRON. For the step 
heating experiments, multiple particle  (-1mm in 
size) from TL3B6 matrix were  softly pressed 
between two Al-foils. The Al-foils were opened 
and one side was set onto a well calibrated LINKAM 
600 heating stage on the  FT-IR microscopes. Once 
an organic-enriched area was detected, the location 
was stored and transmission-reflection spectra in the 
range 4000 — 700  cm--1 were collected at room 
temperature with a  100x100  p.m aperture. The 
sample was then heated at 10 °C/min and spectra 
from the same location were collected at every 10 °C 
step. The film-like products formed on the Thr + Si 
solution surface heated —160°C for two days [5] were 
prepared and measured in  the same manner. 
Results and Discussion: Figure 2 shows FTIR 
spectra collected from the initial sample (before 
heating) TL3B6 rich in organic ompounds. The IR 
spectra show absorption features from phyllosilicates 
 (Si-0) lattice vibration at 750  — 1110  cm-1 and
interlayer water around 3400  cm-1. However the 
structural hydroxyl at 3650  cm--1 was not resolved. 
The spectra show strong CH2+CH3 stretching 
vibrations due to aliphatic hydrocarbon at 2860, 2920 
and 2950  cm-1 and C-H bending vibrations at  —1380 
— 1460  cm-1. Oxygenated functionality are also 
recognized at1740 and  1710cm-1  (C=0) and at 1280 
 cm-1  (C-0) suggesting the presence of ester 
(RCOOR'). We believe that these organic features 
are delivered from the hollow organic globules 
observed by TEM. 
Step Heating Experiments: After detecting 
organic-rich regions with the FTIR microscope, the 
samples were step-heated and the spectral changes 
were monitored up to 500°C: 
Aliphatic C-H: Absorption bands at 2952, 2925 and 
2854  cm-1 are due to C-H stretching vibrations of 
CH3 and CH2 groups (aliphatic hydrocarbons) (Fig.1). 
The intensity of these bands begin to decrease at160 
°C and disappear t320°C. 
 C=0 and  C-0: Two absorption features are 
identified in the carbonyl  (C=0) functional region at 
1742 and 1712  cm'. The 1712  cm' band might be 
due to ketone and/or aldehyde and it disappears at
120°C. The 1742  cm' band might correspond to
esters. It decreases from 240 °C and disappears at
320 °C (Fig.2).  C-0 stretching features inthe 1160 
to 1380  cm' behave in the same manner as the 1742 
cm'cmband during heating, supporting the 
decomposition of esters. 
 Si-0 and others: The  Si-0 stretching vibration ear 
980  cm' is stable until 500 °C. Compared to 
spectra from bulk Tagish Lake matrix [6], the present 
samples enriched in the hollow globules demonstrate 
a distinct enrichment in organics uch as aliphatic 
hydrocarbons and esters. Note that he spectra from 
almost all other area in TL3B6 are dominated by 
strong features from phyllosilicates with structural 
hydroxyl at 3670  cm-1, which is not recognized inthe 
present organic-rich portions. 
Thr+Si film product: The organic signatures of the 
membrane-like (polyester) products formed from 
hydrothermal reaction of Thr+Si [5] show strong 
similarities tothe Tagish Lake sample (See also [7]). 
The hydrothermal reaction in [5] is consistent with 
the alteration conditions of Tagish Lake matrix, 
suggesting the possibility of membrane formation 
from organic-phyllosilicate mixtures. In the heating 
experiment of the polyester-like film product, the 
C-H stretching and C-H bending features disappear 
at 320 °C, although 1700-1750  cm' features possibly 
due to amide (CO-NH) bonds [7] remain until 
around 440 °C.
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Conclusions: The organic rich portions of Tagish 
Lake show  IR features of aliphatic C-H and  C=0 and 
 C-0, similar to those of the film-like products 
formed from hydrothermal reaction of Thr and Si 
with polyester-like components, which are thermally 
stable up to 320 °C. The disappearance of the 1712 
     -1 
cmband by the step heating experiments suggests 
that Tagish Lake may have never experienced 
temperature higher than 120 °C after the formation of 
membrane-like hollow organic globules.
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Quantitative evaluation of the relation between X-ray linear attenuation coefficient 
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Introduction:
  X-ray Computed Tomography (CT) is a 
non-destructive m thod to obtain distribution of
X-ray linear attenuation coefficient of samples by 
using X-ray attenuation. We can obtain three-
dimensional structures by stacking successive 
cross-sectional CT images. Synchrotron Radiation 
(SR) source provides the tunable, monochromatic 
and naturally collimated X-ray beams useful 
for X-ray CT technique. Monochromatic beams 
give quantitative brightness in CT images. 
Collimated beams give 3-D images with 
high-spatial resolution. Uesugi et al. (1999,2001) 
developed an X-ray microtomographic 
system using SR  (SP-p,CT) at SPring-8 [1,2]. 
Many researches have been made with 
 SP-.tCT(e.g.,[3,4]). 
  X-ray linear attenuation coefficient (LAC) of 
a material is determined by the chemical 
composition and density of the material and the 
photon energy. A CT image is expressed as 
distribution ofCT values that correspond toLAC 
values calculated by the tomographic 
reconstruction. CT value is ideally equal to LAC 
if we use monochromatic beam. In practice, 
however, they are different because of 
non-idealities in an actual CT system. If we 
know the relation between LAC and CT value, it 
is possible to discuss CT values quantitatively. 
Then, we can estimate mineral species inside the 
sample and obtain a 3-D element concentration 
map using the absorption edge of an element. 
The relation between LAC and CT value has been 
determined for  SP-pET at the beamline  BL20B2 
[3]. This relation was applied to 3-D Cs map 
using the absorption edge of Cs. However, the 
relation have not been determined at the beamline 
BL47XU, where the spatial resolution of CT 
 image  s(-1  .5  lim) are finer than that at 
 BL20B2(-13  pm). 
  In the present study, we imaged standard 
samples at BL47XU in SPring-8 and obtained the 
CT value-LAC relation. We applied the relation 
to a 3-D Fe map of an AMM (Antarctic 
micrometeorites) [5].
Experiments: 
  In this study, we used nine standard samples 
(quartz, olivine, rutile, magnetite, Ag, Ni, Al, Ti, 
and Pd). They were imaged with  SP-IACT at 
BL47XU. Monochromatic X-ray beams of 
10 - 25 keV were used for the imaging. 
Cross-sectional CT images were reconstructed 
from 360 – 720 projections with a convolution 
back projection algorithm. 3-D structures were 
obtained from successive CT images with the 
voxel size of 0.50 X 0.50 X  0.50p1m3, which gives 
the spatial resolution ofabout  1-2pm. 
Result and Discussion: 
  We obtained a histgram ofCT value from 3-D 
CT image for each sample. An example is shown 
in Figure 1. We adopted the CT value of the 
samples as the peak position of the histgram. The 
LAC value of each sample is calculated from the 
chemical composition and density of the sample 
and the photon energy. A plot of CT value and 
LAC is shown in Figure 2. The CT value is 
proportional to LAC and least square fitting gives 
the following relation:
 CT  value  =  0.8921  (J.:0.0041)x  LAC. (1)
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  The present result was applied to an AMM 
 (Y98M03KS094). This sample was imaged with 
 SP-1ACT at BL47XU [5]. CT images were 
obtained at X-ray energies just below and above 
the K-absorption edge of Fe (7.105 keV and 7.115 
keV, respectively). The CT images of the AMM 
sample were converted to images with LAC 
values (LAC image) using  Eq.(1). Figures 3a 
and b show the LAC images of the sample. If we 
subtract the image below the absorption edge 
from that above the edge, we can obtain the image 
of the LAC difference,  Dµ (Fig.3c). As the mass 
attenuation coefficient (MAC) of elements other 
than Fe at the both energy are almost identical, 
the subtraction images relate to Fe concentration. 
In this case, the concentration of  Fe,WFe  is 
expressed as follows:
 WFe  =  ON /  P AtFe (2)
Where  Al_t is the difference of LAC, p is density, 
and  AT is the difference of MAC. As we know 
 AT in Eq.(2), we can obtain the concentration of 
Fe quantitatively from the subtaraction image if 
we can estimate p.
288.0
 Fig.3 LAC images  of  AMM(Y98M03Y  S094) 
(a) LAC image below the absorption edge (7.105 
keV) (b)  LAC image above the absorption edge 
(7.115 keV) (c) subtraction image (Fe-image).
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Introduction: 
   As part of consortium study on a new Antarctic 
olivine-bearing shergottite Yamato 980459 (hereafter 
called Y98)  [1], we have undertaken the Rb-Sr 
isotopic systematics and trace element analyses for 
the meteorite. We report here preliminary results of 
Rb-Sr isotopic and isotope dilution analyses of REE, 
alkalis (K, Rb), alkaline earths (Ba, Sr, Ca, Mg) and 
Fe for the bulk sample of the meteorite  (powdered 
sample from ,80).
Results and discussion: 
   Resultsof Rb-Sr isotopic analyses for the bulk 
(whole-rock) sample are; 87Rb/86Sr  =0.0389  ±  0.0006, 
87Sr/86Sr  =0.7016270  ± 0.000012 (  am). It was found 
that the bulk 87Sr/86Sr ratio of Y98 is much smaller 
than the initial ratio  ("Sr/86Sr=0.71217 ± 0.00003; 
age=173m.y.) of similarly olivine-bearing shergottite 
EETA 79001, lithology A (hereafter called 
EETA79A) [2], suggesting that he source region of 
Y98 is more depleted, compared tothat of EETA79. 
The 87Rb/86Sr and 87Sr/86Sr ratios of the bulk Y98 is 
rather comparable tobut distinct from that of QUE 
94201 [3]. In order to clarify farther isotopic 
meanings, mineral data re essential. 
   The abundances of major elements (Mg, Fe and
Ca) obtained in this work are generally similar to but 
somewhat systematically lower than those reported 
by Misawa ("Proposal for a Yamato 980459 
consortium"). There seems to exist several % 
systematic differences between ours and NIPR data 
of these elements. 
   Results of trace element analyses for Y98 are 
compared with those reported for EETA79A [4] and 
also those for lerzolitic shergottite Y793605 (Y79) 
[5] in Fig.  1. It is noted that the abundance patterns for 
Y89 and EETA79A are generally similar, particularly 
HREE are substantially identical, however, that 
LREE and Ba in Y89 are systematically depleted 
relative to EETA79A. Abundances of Alkalis in Y89 
are similar to those in Y79. 
   We suggest hat that the source of Y89 is distinct 
from that of EETA and Y89 was formed from earlier 
stage of the parent melt.
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Introduction: 
   Asteroid regolith is a boundary plane between 
the rocky interior and the outer space, thus any 
incoming materials leave a record of interaction with 
regolith material. Although such records can be 
obtained by the telescopic observation from the Earth 
and the satellites, detailed and direct information can 
be drawn from meteorites. Studies of reflectance 
spectra suggested that the spectra of C, G, B, and F 
type asteroids, having relatively featureless flat 
patterns except for UV absorption, matched best with 
three heated hydrous carbonaceous chondrites, Y-
82162, Y-86720, and B-7904  [1]. This indicates 
that these meteorites are similar to the surface 
materials of C, G, B, and F type asteroids. 
However, the three meteorites do not contain 
implanted solar noble gases [2-3], thus they have 
never been parts of surface materials and therefore 
they are not real meteorite counterparts of the 
hydrous asteroid regolith. In this study we report 
the results of textural, mineralogical, and noble-gas 
isotopic analysis of two CM2 chondrites Y-793321 
and  A-881458 and show that the two meteorites are 
heated regolith materials of hydrous asteroids. 
Results and discussion: 
 Y-793321 exhibits heavily brecciated texture. 
It contains many angular-shaped minerals and 
mineral aggregates with size from several to one 
hundred microns in Fe, Si, Mg-rich fine-grained 
matrix. Forsteritic olivines and PCPs are a major 
mineral aggregate and minor phases are olivines with 
variable Fe/Mg ratios, low- and high-Ca pyroxene, 
calcite, and troilite. Many of chondrules appear to 
have disaggregated to be forsteritic mineral 
aggregates. The aqueous alteration is not prevailed, 
because large portions of the anhydrous mineral 
aggregates remain unaltered. Olivine and low-Ca 
pyroxene crystals show wavy extinction and some 
olivines have planner fractures, suggesting that they 
have experienced impacts. The deformation 
features rank this meteorite as the most heavily 
shocked CM2 chondrite, since most CM2s are almost 
free of impact effects [4]. All these petrologic 
features clearly indicate that the meteorite is an 
impact breccia. 
   Synchrotron X-ray diffraction analysis showed 
that the Fe, Si, Mg-rich fine-grained matrix is mainly 
composed of amorphous material, magnetite, and 
troilite with minor amounts of olivine with very low 
crystalline. Serpentine and tochilinite that are main 
components in usual CM matrix are not detected. 
But the Fe-Mg-Si atomic ratios of the matrix fall 
around serpentine solid solution and a tie line from 
serpentine toward tochilinite. In addition, the totals 
of electron probe analysis of matrix are 92  wt% on
average of 50 focused beam analyses and the totals 
are higher than normal CMs by 10 wt%. This 
indicates that the matrix is partially dehydrated 
material of serpentine and serpentine-tochilinite 
assemblages and thus the amorphous material, 
magnetite, troilite, and low crystalline olivine are 
decomposed products by heating. The results are 
totally consistent with an earlier TEM study by Akai 
(1988) [5]. 
     Unique petrologic features indicative of 
dehydration was found from some broken chondrules 
and PCPs in the matrix. In the chondrules, olivine 
contain many small rounded PCPs as inclusions. 
Such PCP inclusions reduce the size due to 
dehydration and as a result a wide pore space is 
generated between the inclusions and the host olivine. 
The same rounded pores around PCPs occur in some 
places in matrix. The matrix PCPs are enclosed by 
partially dehydrated serpentine, but the presence of 
pore spaces around PCPs indicate that the degree of 
dehydration is higher in PCP than in serpentine. 
This is consistent with the fact that the 
decomposition temperature ofPCP is lower than that 
of serpentine. The rounded pores around matrix 
PCPs suggests that the PCPs are dehydrated in situ in 
the present matrix structure. Other PCPs in the 
matrix do not show any size reduction, which may 
indicate that they were already dehydrated prior to 
the final matrix consolidation. 
     The results of stepped-heating  noble-gas 
analysis indicate that Y-793321 contains a large 
amount of solar gases. The preliminary results were 
already reported in [6]. He and Ne are dominated 
by solar gases and amount o 8 x  10-4 cc/g for 4He 
and 2 x  10-5 cc/g for  'Ne. The  (20Ne/22Ne, 
 21Ne/22Ne) ratios of 500 and 680°C temperature 
fractions give similar values approximately (13.1, 
0.035), indicating that the meteorite retains a low-
energy solar-wind component. In contrast, heavy 
noble gases are dominated by primordial gases. 
36Ar/84m—/132Xe ratio is 168/0.8/1 that is similar to the 
ratio of Q-gas, although the slightly high  36Ar/132Xe 
ratio may indicate some solar Ar contribution. 
Concentrations of  84Kr and  132Xe are in the range of 
CM2 chondrites. Noble gas signatures therefore 
suggest no significant gas loss by heating. However, 
the amounts of noble gases that are released at low 
temperatures 260 and 500°C are very small, which 
gives a  clear contrast to the large amounts of gas 
extraction at next 680°C step. The deficient is 
observed in all noble gases including solar and 
primordial components. The signature is best 
explained by the gas loss due to heating at around 
500°C.
 A-881458 exhibits texture of breccia, but the
—100—
comminution is not prevailed unlike Y-793321. 
Approximately half region of a thin section consists 
of chondrules with thick rims and PCPs with thin 
rims, while the remainder is composed of small 
fragments  (-100 microns) of olivine (Fo# >50), low-
Ca pyroxene (En# >65), high-Ca pyroxene, calcite, 
FeNi metal, and PCP, all of which are dispersed in
fine-grained Fe, Si, Mg-rich matrix. Olivine and 
pyroxene crystals how only weak wavy extinction, 
suggesting that they have been shocked with 
pressures lower than the crystals in Y-793321. The 
totals of electron microprobe analysis of fine-grained 
rims and matrix ranges from 75 to 83 wt%, which are 
normal values of CM2 matrix. XRD analysis of the 
fine-grained rims and matrix showed that serpentine 
is a dominant phase and the next common phases are 
tochilinite and mix layers of serpentine and 
tochilinite. This indicates that no apparent 
decomposition f serpentine and tochilinite took 
place in this meteorite. In the brecciated region, 
however, the textural evidence of partial dehydration 
of PCP was found. Some rounded PCPs have 
shrunk to have round pore spaces around them. The 
texture is similar to that found in Y-793321, but the 
spaces much more narrow in this meteorite. This 
suggests the low degree of dehydration in the case of 
A-881458 PCPs. Previous TEM study [7] reported 
the presence of an unknown phase with 14 A basal 
spacing, which was interpreted to be an initial 
decomposition phase of serpentine thus the evidence 
of heating. But my XRD study was failed to detect 
this phase probably due to low abundance or low 
crystalline ofthis phase. 
   Stepwise noble gas analysis howed that  A-
881458 also contains solar noble gases, but 4He and 
 'Ne concentrations are 1/3 and 1/15 of those in Y-
793321.  4He/20Ne ratio is 200, which is much 
higher than those of Y-793321 (40). The difference 
is due to preferential He loss from Y-793321. In 
contrast, for  A-881458 the largest solar-wind 4He and 
 20Ne release was observed inthe lowest emperature 
step (260°C), which suggests no significant loss of 
solar gases from the meteorite. Heavy noble gases 
are dominated by primordial component like  Y-
793321.
brecciation texture. These facts lead to the 
conclusion that the heat was generated by impacts. 
Evidence of in situ dehydration was found in both 
meteorites, which suggests impacts compressed and 
heated loosely-packed hydrous phases and, after the 
pressure lease, the hydrous phases were dehydrated 
and shrunk by the residual heat. Not all hydrous 
phases show in situ dehydration. This may indicate 
that earlier impacts already dehydrated such phases 
and thus repeated impacts appear to have affected the 
overall dehydration. 
   The reflectance spectrum ofY-793321 is similar 
to that of  Y-82162, Y-86720, and B-7904 [8], thus it 
matches well with the spectra of C, G, B, and F type 
asteroids  [1]. This study shows much evidence that 
Y-793321 is a regolith breccia, unlike Y-82162, Y-
86720, and B-7904. Therefore, the real regolith 
materials of hydrous asteroids are expected tohave 
many mineralogical and noble-gas isotopic 
signatures in common with Y-793321. 
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   The brecciated appearance and the presence of 
implanted solar noble gases indicate that both Y-
793321 and  A-881458 came from the regolith of CM 
asteroids. The two meteorites exhibit evidence of 
having been heated and the temperature of the 
heating correlates with the impact-induced 
mechanical effects. The high temperature heating 
of  Y-793321 resulted in the complete phyllosilicate 
decomposition and partial loss of solar He and Ne. 
In proportion to these thermal effects, this meteorites 
also shows the highly brecciated texture and strong 
shock-induced mineral deformation features. On 
the other hand,  A-881458 exhibits very low degree of 
dehydration, undetectable solar-gas loss, and limited
Primordial and solar noble gases in enstatite chondrites. D.  Nakashima' and T. Nakamura2, 
'Department of Earth and Planetary Sciences
, Graduate School of Sciences, Kyushu 
University, Hakozaki Fukuoka 812-8581, Japan,  2Department of Earth and Planetary Sciences, 
Faculty of Sciences, Kyushu University, Hakozaki, Fukuoka 812-8581, Japan.
Introduction: 
   E3 chondrites contain primordial noble gases 
enriched in Xe (sub-Q;  36Ar/'32Xe=37±18 [1]).
Some of them also contain solar noble gases  [1]. 
On the other hand, E4-6 chondrites contain Ar-rich 
noble gases (subsolar;  36Ar/I32Xe=2700 in South 
Oman EH4/5 [2]) and do not contain solar gases. 
Thus, the noble gas signature of E3 chondrites i
different from that of E4-6 chondrites. Noble gases 
in E4-6 chondrites have been widely and intensively 
studied, while those in E3 chondrites have been 
seldom studied. Therefore, we investigate noble 
gas signatures of E3 chondrites inorder to know the 
cause of the differences between noble gas signature 
of E3 chondrites and that of E4-6 chondrites. Here 
we report preliminary esults of noble gas analyses of
a E3 chondrite. 
Analytical procedure: 
   AllanHills (ALH) 77295, which is one of the 
solar-gas-rich E3 chondrites [3], was crushed into 
smaller pieces weighing 0.6 to 1.6mg for noble gas 
analysis in order to separate solar-gas-rich and —poor 
portions. Each portion was heated at 1700°C to 
extract noble gases. The concentrations and 
isotopic ratios of He, Ne, and Ar were measured 
using a noble gas spectrometer at Kyushu University 
[4]. The concentrations f  "Kr and  '32Xe were also 
measured. 
Results and discussion: 
   On the basis of  20Ne/22Ne ratios, we separated 
samples into solar-gas-rich and solar-gas-poor 
portions. The samples with  20Ne/22Ne of more than 
8 are assigned to solar-gas-rich portions, while others 
are considered to be solar-gas-poor p rtions. 
   Solar-gas-rich portions: He and Ne in solar-gas-
rich portions consist of cosmogenic and large 
amounts of solar components. This suggests that 
solar-gas-rich portions had been exposed to solar 
wind and cosmic rays on the surface of the parent 
body, because of the following reasons. The 
penetration depth of solar wind is several hundred A
[5]. In order to be exposed to solar wind and 
cosmic rays, solar-gas-rich portions have to be 
located on the surface of the parent body or the 
meteoroid. However, solar particles implanted into 
the surface of the meteoroid are lost during the 
atmospheric entry. Therefore, solar gases in solar-
gas-rich portions were implanted while solar-gas-rich 
portions had been located on the surface of the parent 
body. The exposure duration of which solar-gas-
rich portions had been exposed to solar wind and 
cosmic rays (parent body exposure) is calculated to
be 95Ma from the  21Nec oncentration a d  21Nec
production rate [6], assuming that  21Nec was 
produced only by galactic cosmic rays and shielding 
depth of solar-gas-rich portions is  0-10g/cm2. 
   Ar in solar-gas-rich portions consists of 
cosmogenic, primordial, and large amounts of solar 
components. The  2°Nes/36Ars atios of solar-gas-
rich portions are close to that of solar wind (48.5 [7]).
   Solar-gas-poor portions: He and Ne in solar-
gas-poor portions consist of cosmogenic and small 
amounts of solar components, whereas Ar in solar-
gas-poor portions consists of cosmogenic, primordial, 
and small amounts ofsolar components. Solar-gas-
poor portions that do not contain solar gases must 
have not been located on the surface of the parent 
body. Assuming that solar-gas-poor portions had 
been buried deeply in the parent body and had not 
been exposed to cosmic rays (penetration depth cm-
m;  [5]), cosmogenic noble gases were not produced 
in solar-gas-poor portions. Cosmogenic noble gases 
in solar-gas-poor portions are produced while 
ALH77295 had been in space as the meteoroid. In 
this case, the exposure age in space (space xposure 
age) is calculated to be 47Ma from the  21Nec 
concentration and the  21Nec production rate [8], 
assuming that average shielding. The  3Hec/21Nec 
ratios, which are the indicator of  3Hec loss, are lower 
than the  3Hec/2INec ratio calculated from the bern-
line [9]. This indicates that  3Hec in solar-gas-poor 
portions was lost. 
   The  (36Ar/132Xel  /primordial atios in solar-gas-poor 
portions are about 46, which is slightly higher than 
that of sub-Q  [1].
   We found the correlation between the 
concentrations of  'Nes and  132Xe (Fig. 1) in solar-
gas-rich portions. Why such a correlation was 
obtained? There are two possible explanations for 
this correlation: (1) the  132Xec contribution and (2) 
the  solar-132Xe  (I32Xes) contribution. In the case of 
(1): the  132Xec production rate is calculated to be 
 3.9x  10-15cm3/g•Ma  [10,11]. The total of the parent 
body exposure age (95Ma) and the space exposure 
age (47Ma) is 142Ma. The concentration of  '32Xec 
produced during 142Ma is calculated to be  5.5x10-  13cm3/g. On the other hand, the concentration of 
 `32Xe xcess from the ordinate intercept in Fig. 1 is 
 1.8x  10-9cm3/g. The  132Xec contribution is extremely 
lower than the observed  132Xe xcess. Therefore, 
the correlation shown in Fig. 1 is not due to 
contribution of  132Xec. In the case of (2): lunar 
fines, which are the most solar-gas-rich 
extraterrestrial materials, also show the correlation 
between  20Ne and  132Xe [12]. But, the slope of the
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correlation line of solar-gas-rich portions is 7 times 
higher than that of lunar fines. There are two 
possible explanations for this difference: (A) the  '
Nes depletion i  solar-gas-rich portions and (B) the 
 "2Xe enhancement in solar-gas-rich portions. In the 
case of (A): the  'Nes is not depleted, because 
2oNe
s/36•rs      Hratios of solar-gas-rich portions are close 
to that of solar wind, as we mentioned above. In the 
case of (B): the elemental ratio pattern of lunar soils 
 [12] normalized to respective ratios of solar 
photosphere  [13] shows that Kr and Xe are slightly 
enhanced. Wieler (1996)  [14] found lunar soils 
enriched in Kr and Xe. The enhancements of Kr 
and Xe in lunar soils [14] are larger than those of 
lunar fines  [12]. He considered that solar wind that 
was enriched in Kr and Xe due to fractionation was 
implanted lunar soils in the past [14]. Solar-gas-
rich portions how the elemental ratio pattern similar 
to that of lunar soils  [14], but are more enriched in 
Kr and Xe than lunar soils  [14]. Larger 
enhancement of Xe in solar-gas-rich portions than 
those of lunar soils  [14] and lunar fines  [12] causes 
 '32Xe enhancement i   Fig.l. We might find the 
imprint of more fractionated solar wind in the 
meteorite than those in lunar fines  [12] and lunar 
soils  [14]. Measurement of isotopic ratios of Kr 
and Xe in ALH77295 is necessary asthe future work 
in order to confirm that the enhancement of Kr and 
Xe in solar-gas-rich portions is caused by the 
implantation f fractionated solar wind and to know 
the cause of fractionation f solar wind. 
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Fig.  1: A relationship between the concentrations of
 "Ne
s and  '32Xe. The solid line is a correlation line 
for solar-gas-rich portions. The dotted line is a 
 132Xe/20Ne ratio of lunar fines  [12]. One solar-gas-
poor portion is the richest in  132Xe. The origin of 
the richest  132Xe isnot known.
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Introduction: 
   Most lunar meteorites have complex cosmic ray 
exposure histories, having been exposed both at 
some depth on the lunar surface  (2rc irradiation) 
before their ejection and as small bodies in space  (4rt 
irradiation) during transport from the Moon to the 
Earth. These exposures were then followed by 
residence on Earth's surface, a time commonly 
referred to as the terrestrial residence time. In 
addition to their complement of galactic osmic ray 
(GCR) produced nuclides ome lunar and Martian 
meteorites contain uclides produced by solar cosmic 
rays (SCR). Unraveling the complex history of these 
objects requires the measurement of at least four 
cosmogenic nuclides. The specific goals of these 
measurements areto constrain or set limits on the 
following shielding or exposure parameters:  (1) the 
depth of the sample at the time of ejection from the 
Moon; (2) the transit ime  (471 exposure age) from 
ejection off the lunar surface to the time of capture 
by the Earth; (3) and the terrestrial residence time. 
The sum of the transit time and residence time yield 
an ejection age. The ejection age in conjunction with 
the sample depth on the Moon can then be used to 
model impact and ejection mechanisms. To 
investigate he complex exposure histories of lunar 
meteorites, we measured cosmogenic radionuclides, 
41Ca (half-life =  1.04x105 yr),  36C1  (3.01x105 yr), 26A1 
 (7.05x105 yr),  '1313e  (1.5x106 yr), and 53Mn  (3.7x106 
yr) in each lunar meteorite [ . g.  1]. 
Discussion: 
   Figure 1 shows the ejection ages and terrestrial 
ages of 24 (18 individual) unar meteorites. Most 
results were obtained from our cosmogenic 
radionuclide measurements. Figure 2 shows lunar 
meteorite ransition times. Meteorite names in italic 
indicate jection depths greater than 1,000 g/cm2. 
   The transition time of lunar meteorites have 
been predicted by Monte Carlo simulations [2-3]. 
Numerical simulations modeling the dynamical 
evolution of lunar impact ejecta have also been 
performed and can be used to explain the distribution 
of transition times for lunar meteorites [4]. In 
general, the model predictions agree with our 
measurements that indicate that he majority of lunar 
meteorites are captured by the Earth less than 1 Myr 
after ejection. All meteorites having exposure ages 
greater than 0.5 Myr were ejected from greater 
depths within the lunar surface. These meteorites 
may in general have higher launch velocities than 
those lunar meteorites jected from shallower depths. 
Accordingly, they are more likely to escape the 
Earth-Moon system and reside in a heliocentric orbit. 
   When sufficient sample was available, we 
measured detailed epth profiles for all the measured 
cosmogenic nuclides. These depth profiles included
samples taken on a transect from the fusion crust to 
the interior. To date, at least 6 lunar meteorites, 
Calcalong Creek, MAC 88105, NWA 032, NWA 482, 
QUE 93069, and  Y-791197 show SCR produced 26A1 
at the near surface of meteorites. Presence of  26A1 
indicates minimal ablation during atmospheric entry, 
presumably the result of either low entry velocity or 
low entry angle. The dynamical evolution model 
predicts lunar meteorite ntry velocities at the top of 
the atmosphere just above the Earth's escape velocity 
of 11.2 km/s [4]. This entry velocity is lower than 
that of ordinary meteorites. The presence of SCR-
produced 26A1 is apparent not correlated with 
exposure ages or ejection depths.
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Introduction: Nakhlites are well known that they 
experienced preterrestrial lteration [e. g. 1, 2, 3]. 
In 2000, three paired nakhlites Y000593, Y000749, 
and Y000802 were found by 41st JARE team [4]. 
The evidence of preterrestrial alteration was also 
found among these nakhlites [5, 6]. We 
investigated these alteration products by scanning 
electron microscope (SEM), electron microprobe 
analyzer (EPMA), synchrotron radiation X-ray 
diffraction (SR-XRD), and transmission electron 
microscope (TEM) to compare their mineralogical 
features with alteration products in the other 
nakhlites. We also investigated symplectic 
exsolution observed in olivine phenocrysts o discuss 
the "young  (610-650 Ma)" age of alteration obtained 
from symplectite-bearing olivine crystals [7] by field 
emission SEM (FESEM). 
Sample and methods: In a thin section of Y000593, 
olivine phenocrysts contain reddish brown veins and 
dark reddish brown to black rims. We call these 
alteration products as "iddingsite" here. Two small 
(20 x 40 pm) samples were hand-picked by a sharp 
tungsten eedle from "iddingsite" on an olivine rim 
and "iddingsite" vein in olivine. The samples were 
investigated by SR-XRD to elucidate bulk 
mineralogy. Then, they were embedded in epoxy 
resin and microtomed for TEM observation. 
Symplectic exsolution in an olivine phenocryst in 
Y000749 was investigated by TEM. It was 
prepared by ion thinning. A thin section of 
Y000593 was used to observe the relation between 
symplectic exsolution and "iddingsite" veins. 
Results: TEM observation of "iddingsite" on the rim 
of olivine reveals that it is composed mainly of 
poorly crystalline material, alteration products in 
contact with olivine, and jarosite  KFe3+3(SO4)2(OH)6 
(Fig. 1(a)). In some places the poorly crystalline 
material contains flaky crystals with about 1 nm 
lattice fringes (Fig. 1(b)). Alteration products that 
contact with unaltered olivine have texture different 
from the poorly crystalline material. They do not 
contain flaky crystals as shown in Fig. 1(b). Not 
only texture, but also chemical compositions of them 
are different from each other. Based on AEM 
analysis, most of the poorly crystalline material 
contains more Si relative to (Mg+Fe) than the 
alteration product of olivine (Fig. 2(a)). This figure 
also shows that both of them have relatively 
homogeneous compositions. Although most of the 
alteration products of olivine are plotted on or near 
the serpentine solid solution line, they do not show 
lattice fringes with about 0.7 nm. "Iddingsite" on 
the rim of olivine phenocryst contain relatively
coarse (50-300 x 100-500  1.1m) jarosite crystals. 
They often appear as aggregates or veins. Their 
electron diffraction patterns have sharp diffraction 
spots and indicate that the jarosite is well crystalline. 
    In the case of an "iddingsite" vein in olivine, 
major constituent materials are similar to those in the
   Fig. 1 TEM photomicrographs of the 
"iddingsite" sample that is shown in Fig. 1(a). 
(a) The investigated sample is composed mainly 
of Si-rich material, Fe-rich material, and jarosite. 
(b) An enlarged image of the Si-rich area. It 
contains flaky crystals with about  1nm lattice 
fringes.  Jo: Jarosite
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above case. However, coarse-grained jarosite is 
less abundant than those in the above case. Poorly 
crystalline material in the vein contains less abundant 
flaky crystals. AEM data of the alteration products 
in the vein show that the alteration product of olivine 
has compositions imilar to those in the rim of 
olivine (Fig. 2). However, the poorly crystalline 
material in the vein varies in 
 (Si+A1)/(Si+Al+Mg+Fe) ratio and their Mg contents 
are very low (Fig. 2(b)). 
   TEM observation of symplectic exsolution in an 
olivine crystal reveals that the exsolution is 
composed of lamellae of Cr-bearing (1-2  Cr2O3 wt %, 
when normalized to total 100 wt %) magnetite and 
augite. Thickness of the lamellae is 100-300 nm 
when observed normal to an axis of the host olivine. 
 Mg/(Mg+Fe) ratio of the exsolved augite is about 
0.63, which is larger than that in the rim of cumulus 
augite phenocrysts, about 0.7 [8]. Selected area 
electron diffraction (SAED) patterns of the exsolved 
magnetite and augite and the host olivine show that 
magnetite and olivine  [1111  J*magnetite is parallel to 
 c*ohvine and that b*augiteand  C*augite are parallelto 
 C*olivine and  b*ohyme, r spectively. These results are 
consistent with the case of Nakhla [9]. FESEM 
observation shows that alteration almost does not 
affect he mineral phases in the symplectic exsolution 
in olivine. Remarkable change was not observed in 
augite and magnetite that contact with crosscutting 
"iddingsite" veins. 
Discussion: Figure 2 also shows average EPMA data 
of alteration products in four nakhlites. Their 
average compositions of Nakhla and NWA817 are 
similar to each other, that in Y000593 have less 
Si+Al and more Fe. That in Lafayette, which was 
experienced heavier alteration than Nakhla and 
 NWA817 is more Si and Mg [1, 2, 3]. Based onthis 
diagram, it is expected the extent of alteration of 
Y000593 is similar to those in Nakhla and NWA817 
than that in Lafayette. In Y000593, most abundant 
materials in "iddingsite" are poorly crystalline 
materials and alteration product of olivine. The 
most abundant alteration products in Nakhla and 
 NWA817 are materials including flaky crystalswith 
about  1  nm lattice fringes. In addition, "iddingsite" 
in Y000593 also contains jarosite. By comparing 
these three phases and average EPMA data in this 
meteorite, "iddingsite" on the rim of olivine is 
composed mainly of poorly crystalline material and 
alteration product of olivine with less abundant 
jarosite. Similarity of bulk alteration products in 
Nakhla,  NWA817, and Y000593 may indicate that 
those in Nakhla and NWA817 also contain alteration 
product of olivine as a major component. 
   On the other hand, poorly crystalline material in 
an "iddingsite" vein in Y000593 contains much less 
flaky crystals with 1 nm lattice fringes and variable 
amounts of Fe, partly due to fine-grained jarosite. 
SEM observation of "iddingsite" veins in Y000593 
and Y000794 shows that the veins are often multiple.
Compositional mapping of such multiple veins 
suggests hat they are mainly composed of jarosite 
because of distribution of K, Fe, and S. The inner 
veins sometimes have boudin-like structure. The 
inner veins were cut and interstices were filled by 
Si-bearing materials. If all the jarosite in 
"iddingsite" are terrestrial
, "iddingsite" in this 
meteorite must have been modified greatly by 
terrestrial weathering. Further studies, especially 
isotopic studies, of these "iddingsite" are needed 
before investigate preterrestrial weathering of 
Yamato nakhlites indetail. 
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Introduction: 
   The ages and initial isotopic omposition of 
meteoritic basalts combined with their mineralogic/ 
petrologic study provide clues to circumstances of 
their formation and characteristics of their parent 
bodies. Spectroscopic surveys of the asteroids  [1] 
support earlier suggestions that the relatively 
abundant howardites, eucrites, and diogentites (HED 
meteorites) originated on asteroid 4 Vesta. The HED 
meteorite data also are pertinent to the history of 
other meteorite parent bodies. 
Timeline for formation/differentiation of 4Vesta: 
   Study of Antarctic eucrite A-881394 established 
the abundances  26A1/27A1 = (1.18±0.14) x  10-6 and 
 53Mn/55Mn = (4.6±1.7) x  10-6 for the time of its 
crystallization. These values referenced to26A1/27A1 
= 5 x  10-5 for  CAI and  "Mn/"Mn  = (1.44±0.07) x 
 10-6 for the  LEW86010 angrite lead to Al-Mg and 
Mn-Cr formation i tervals  Atcm = 3.95±0.13 Ma and 
 AtLEW = -6±2 Ma, respectively. The formation 
intervals combined with Pb-Pb ages for  CAI give 
TA88  '-4564 Ma for  A-881394 corresponding to TLEW 
 —4558 Ma and  Tcm  —4568 Ma. Global differentiation 
of 4 Vesta occurred when 53Mn/55Mn =  (4.7±0.6) x 
 10-6 [3]; i.e., also at  —4564 Ma. Thus, A-881394 
represents the earliest partial melting on 4 Vesta.
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Figure 1. Eucrite ages compared to a thermal model based 
on  26Al abundances in the  A-881394 Antarctic eucrite [2]. 
Triangles and inverted triangles are Sm-Nd ages of non-
cumulate and cumulate ucrites, resp.  [14]. Hexagons are 
Sm-Nd ages from the JSC lab: E87=EET87513 clast, 
 E90=EET90020 clast, Bh = Bholghati clast,  A88=A-
881394. Diamonds are various types of Sm-Nd ages for 
the unique achondrite NWA 011:  147sm =  147sm_143Nd 
age,  146sm =  146sm  —'42Nd age, "Px Mod" = CHUR 
model ages for  147'146Sm.
Eucrite ages and a thermal model for 4 Vesta: 
   The abundance of  26A1 observed for A-881394 
would not have been sufficient in itself to cause 
melting and differentiation of Vesta. Mineralogical 
arguments suggest  26AI heating was augmented by
late-stage accretional heating [2]. Nevertheless, 
assuming that  26A1 supplied most of the heat energy 
needed for melting 4 Vesta leads to reasonable and 
interesting implications. Fig. 1 illustrates uch a 
thermal model assuming (i)62Av27A+ =                               1.18x 10-6at
4 Ma  post-CAI, as in  A-881394, (ii) the parent body 
formed 2 Ma earlier when  (26A1/27A1)o =7.3 x  10-6, 
(iii) the initial composition of4 Vesta given by [4], 
(iv) other heat sources can be neglected. The model 
follows Eq. 14 of [5] with the parameters of [6] 
except initial temperature  To =292° K as in [7]. 
Isotopic ages and closure temperatures: 
   The isotopic ages of eucrites can be considered 
in the context of thermal models if the temperatures 
 (TO of isotopic losure are known. 
    Closure temperatures near the basalt solidus: 
Although radiometric ages often are interpreted as
"crystallization" ages
, the assumption that the time 
required for cooling from the solidus to isotopic 
closure is short may not be valid for rocks excavated 
from considerable d pth in a parent body. Very high 
temperature minerals like zircon have closure 
temperatures n ar the basalt solidus, however. Fig.  1 
shows zircon ages from [8] at an assumed closure 
temperature of 1380°K. We also assume closure 
temperatures near the solidus for Mn-Cr formation 
intervals, here calculated relative to 53Mn/55Mn = 4.7 
x  10-6 in the HED parent body  (Vesta) at the time of 
differentiation. Both types of ages cluster near the 
calculated time of initial melting in the parent body 
at radial positions r/R = 0.95-0.85, where R is the 
asteroid radius. Melts extracted to the surface will 
cool immediately to temperatures  <=300°K, those 
left in place will cool along a cooling curve 
corresponding to the depth of melting (Fig. 1). 
   Intermediate closure temperatures: Diffusion 
coefficients for Mg, Ca, and Sr in  'anorthite [6] and 
Sr and Sm in diopside [9] are similar within a factor 
100 in the temperature range  =800-1100°C. From 
their data on Sr and Sm diffusion in diopside, 
Sneeringer t  al. [9] estimate a closure temperature of 
 1129°K for Sm-Nd ages for rocks of  — 2 mm grain 
size. Somewhat smaller grain sizes and lower closure 
temperatures are appropriate for eucritic basalts. In 
Fig. 1, we show Sm-Nd ages plotted at closure 
temperatures b tween  1037°K and 1137°K. 
   Low closure temperatures:Closure temperatures 
can be directly estimated from data obtained ineach 
 39Ar-40Ar analysis. The temperatures thus obtained 
lie in the interval of  —400-600°K. The  39Ar-40Ar ages 
of some unbrecciated and cumulate ucrites are 
tightly clustered in the interval 4.48±0.02 Ga, 
whereas the Sm-Nd ages scatter from lower to 
mostly higher values. The tight isochronism of the 
 39Ar-4°Ar ages probably represents a single event, 
such as excavation of material from considerable
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 Figure 2. Rate of planetesimal growth as a function of 
 heliocentric adius ([2],[12]). 
depth in the asteroid by a single large crater. 
Interestingly, the large south polar crater on asteroid 
4 Vesta has a maximum present depth below the rim 
of 13 km  [10], the depth of the transient crater 
probably was much greater. If this crater was 
produced early in solar system history, the 
temperature of much of the material excavated may 
have been above the  39Ar-40Ar closure temperature. 
Some Sm-Nd ages might be older due to Nd-isotopic 
closure during cooling before the impact. 
Angrite ages and a thermal model for the APB: 
Although the angrites hare the same oxygen-isotope 
fractionation line as the HED meteorites, they appear
   Fig. 3 shows the Fig. 1 model adapted to 
asteroids 100 km in radius. High precision Mn-Cr 
formation intervals for the angrites D'Orbigny and 
 LEW86010 are consistent with formation of partial 
melts in the asteroid at depths of  20-25 km in the 
time interval  —6-10 Ma post  CAI  [13]. The model 
predicts that asteroids <-50 km in radius would cool 
below the basalt solidus within the  LEW86010 
formation interval, and thus would not be suitable 
parents for the angrites.
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 Figure 3. Thermal model of Fig. 1 for asteroids 100 km 
 in radius. DOR = D'Orbigny, LEW =  LEW86010. 
to come from a different parent body. The spectra of 
the angrite D'Orbigny is closely matched by those of 
asteroids 289 Nenetta and 3819 Robinson [11]. These 
asteroids have semi-major axes of 2.88 AU and 2.77 
AU, respectively. Assuming most main belt asteroids 
remained near their original formation locations  [1] 
suggests that the semi-major axis of the orbit of the 
angrite parent body (APB) also was —2.8-2.9 AU. 
An adaptation [2] of a planetesimal growth model 
[12] suggests that planetesimals at such heliocentric 
distances would grow relatively slowly and not reach 
radii exceeding —100 km before  26AI abundances 
were too low to cause global melting and 
differentiation (Fig. 2). Thus, the APB probably did 
not exceed —100 km in radius.
 Px
WR
A881595
NWA 011 
  Px
NWA 011 + A881595(CR) 
 53Mn/55Mn=(3.5±2.1)x10-6 
 £(53Cr)=-0.17±0.31 
   T=4563(+21-5) Ma
0 2 4 6 
 55M  n/52Cr
8 10
Figure 4. Mn-Cr data for NWA 011 and CR chondrite 
 A881595 compared tothat for Asuka eucrites. 
NWA 011 Unique Achondrite: 
   Asteroid 1459 Magnya (diameter —17 km) was 
suggested as a possible parent to the unique 
achondrite NWA 011 [15]. The oxygen isotope ratio 
of NWA 011 resembles that of CR chondrites, but 
most other isotopic data for NWA 011 are similar to 
those of eucrites. Its147sm_143Nd age of 4474±13 Ma 
is the same as the  39Ar-40Ar ages of several 
unbrecciated eucrites  (cf. Fig. 1), but its Mn-Cr data 
would be consistent with melting of a CR parent like 
Asuka 881595 only  —5 Ma  post-CAI (Fig. 4). Thus, 
although the NWA 011 Mn-Cr data are consistent 
with early melting on a small asteroid (diameter 
<100 km), the Sm-Nd data favor a larger parent. 
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Hydrothermal alteration experiments of enstatite: Implications for aqueous 
CM and CV chondrites. Ichiro Ohnishi and Kazushige Tomeoka, Department 
Planetary Sciences, Faculty of Science, Kobe University, Nada, Kobe 657-8501,
INTRODUCTION: 
   Enstatite is one of the major constituents of 
chondrules in chondrites. Enstatite has been 
preferentially replaced by phyllosilicates in 
aqueously altered chondrites uch as CM, CR, and 
CV chondrites. Phyllosilicate replacing enstatite 
differs among the different types of chondrite. For 
example, serpentine forms in CM chondrites [e.g.,  1], 
whereas saponite (smectite) forms in CV chondrites 
[e.g., 2-4]. The difference in phyllosilicate 
mineralogy may be related to different compositions 
and pH values of the fluids that reacted with enstatite. 
We carried out hydrothermal alteration experiments 
of enstatite. The main purposes of our work were to 
examine alteration products of enstatite formed by 
reactions with aqueous solutions of various Na, Fe 
and Si contents and pH values, to compare the 
products with those in CM and CV chondrites, and to 
estimate compositions and pH values of the fluids 
that were involved in the alteration in those 
chondrites.
MATERIALS AND METHODS: 
   Orthoenstatite(OEn) powders were prepared by 
the Flux method. Three series of experiments were 
performed: 1)  OEn powders were altered with 
0.01N-,  0.1N-, and 1N-NaOH solutions, which have 
pH values of 12, 13, and 14, respectively, 2) mixtures 
of  OEn and Fe powders in the weight ratios of 9/1 
and 5/5 were altered with  0.01N-, 0.1N-, and 
 1N-NaOH solutions, 3) mixtures of  OEn and  SiO2 
powders in the weight ratio of 9/1 were altered with 
 0.01N-,  0.1N-, and  1N-NaOH solutions. In each run, 
the starting materials and a solution were sealed in a 
gold capsule, loaded into an autoclave, and then 
heated at 300°C and 1 kb for 168 hrs. Recovered 
samples were analyzed by the Rigaku X-ray powder 
diffractometer (XRD). 
RESULTS: 
   All the recovered samples in the present 
experiments contain major amounts of unaltered  OEn. 
The following descriptions of XRD measurements 
will be focused on alteration products, and 
diffraction peaks of  OEn will not be mentioned. 
 OEn + NaOH solutions 
   From the sample altered in the  0.01N-NaOH 
solution, small diffraction peaks of serpentine are 
detected. From the sample altered in the  0.1N-NaOH 
solution, diffraction peaks of not only serpentine but 
also smectite are detected, although the latter are 
small. From the sample altered in the 1N-NaOH 
solution, diffraction peaks of both serpentine and
alteration in 
of Earth and 
Japan.
smectite are detected and peaks of smectite are larger 
than those in the 0.1N-NaOH solution. The results 
and those of the following experiments are 
summarized in Table. 1.
 OEn + Fe + NaOH solutions 
   Both the samples  0En/Fe=9/1 and  0En/Fe=5/5 
altered in the  0.01N-NaOH solution shows 
diffraction peaks of serpentine, although peaks of 
serpentine from the latter are larger than those from 
the former. In the  0.1N-NaOH solution, alteration 
products differ between the samples  0En/Fe=9/1 and 
 OEn/Fe=5/5. In the sample  0En/Fe=9/1, both 
serpentine and smectite form, whereas in the sample 
 OEn/Fe= 5/5, only serpentine forms. From the 
samples  0En/Fe=9/1 and  0En/Fe=5/5 altered in the 
 1N-NaOH solution, both serpentine and smectite 
form and there are no differences in significant 
diffraction peaks between the two samples. 
 OEn +  SiO2 + NaOH solutions 
    From the sample altered in the  0.01N-NaOH 
solution, large diffraction peaks of quartz are 
detected. In addition, a diffraction peak is also found 
at  11A; the peak shifts to 9A by treatment with 
ethylene glycol. The peak corresponds to neither 
serpentine  (7A) nor smectite  (14A); it is probably 
attributed to another phyllosilicate. From the sample 
altered in the  0.1N-NaOH solution, diffraction peaks 
of quartz and small peaks of smectite are detected. 
The peaks of quartz are smaller than those in the 
 0.01N-NaOH solution. From the sample altered in 
the  1N-NaOH solution, large diffraction peaks of 
smectite are detected, but no peaks of quartz are 
found. From any samples altered in this series of 
experiments, no diffraction peaks of serpentine are 
found.
DISCUSSION: 
   Our experimental study reveals that alteration 
products of enstatite depend on  Na+ concentrations 
and pH values of aqueous solutions, and amounts of 
Fe or  SiO2 in starting materials. In the  OEn-NaOH 
system, no smectite is formed in the  0.01N-NaOH 
solution but increasing amounts of smectite are 
formed with increasing concentrations of  Na+ and pH 
values. On the other hand, similar amounts of 
serpentine are formed in all the solutions. These 
results indicate that a high  Na+ concentration and a 
high pH value are required for the alteration of 
enstatite to smectite, while they are not required for 
the alteration of enstatite to serpentine. In the 
 OEn-Fe-NaOH system, larger amounts of serpentine 
and smaller amounts of smectite are formed in the 
Fe-rich solutions than in the Fe-poor solutions. These
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results indicate that at Fe-rich conditions the 
alteration of enstatite to serpentine is promoted, 
while the alteration of enstatite to smectite is 
restrained. In the  OEn-Si02-NaOH system, smectite 
is formed at high  Na+ concentrations and high pH 
values, but no serpentine is formed in any altered 
samples. These results indicate that he alteration of
enstatite to serpentine is restrained at Si02-rich 
conditions. 
   From these results, we can place some 
constraints on the aqueous alteration conditions for 
CM and CV chondrties. In CM chondrties, in which 
enstatite is largely altered to serpentine, the fluids 
that reacted with enstatite may have been enriched in 
Fe, depleted in  Na+ and Si02, and relatively low in 
pH value. In CV chondrties, in which enstatite is
altered to smectite and minor amounts of serpentine, 
the fluids may have been depleted in Fe, enriched in 
 Na+ and Si02, and relatively high in pH value. 
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Table. 1. Summary of the results of the hydrothermal alteration
experiments of enstatite
Starting Materials
Solution (pH)
 1N-NaOH  0.1N-NaOH  0.01N-NaOH
(14) (13) (12)
 OEn/Fe
 OEn + Fe= 5/5 OE
n/Fe
= 9/1
SmecSer Ser
+ Ser
Smec SmecSer
 +  Ser  +  Ser
 OEn Smec SmecSer
 +  Ser  +  Ser
 OEn +  SiO2 0En/Si02
= 9/1
Smec11A—S
mec+ Qt
zphyllosilicate?+ Qt
z
Oen = Orthoenstatite, Smec = Smectite, Ser = Serpentine, 
Qtz = Quartz
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Introduction: 
   Chondrules exhibit great diversity in chemical 
and mineral compositions. The apparent size of 
chondrules i  also different among chondrite classes, 
suggesting that a size-sorting mechanism operated 
during or after the chondrule formation events. The 
typical apparent diameter of enstatite (E) chondrites 
is 200 and 600  gm for EH and EL subclasses [1], 
respectively. In the enstatite chondrite St. Marks 
(EH5), we found an unusually large chondrule with 
the apparent diameter of ca. 3mm (Fig. 1). 
   In a comprehensive study of the origin of 
E-chondrite chondrules, we will measure noble gases, 
oxygen isotopes, and rare earth element (REE) 
abundances in many chondrules. Here we report 
oxygen isotopes and REE abundances of the huge 
 chondrule, along with petrographic and 
mineralogical features. 
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   We prepared a polished section from St. Marks. 
This polished section is  —300  gm thick to provide 
enough material for later noble gas measurements. 
We have developed improved sample preparation and 
measurement echniques for oxygen-isotope analysis 
with SIMS, which significantly reduces instrument-
induced variations in the data between sample and 
standard mounts. 
   Oxygen and REE measurements were 
 performed with the Cameca 6f ion microprobe at 
ASU. For the oxygen measurements, the 0.5nA  Cs+ 
primary ion beam was focused in aperture-
illumination mode to produce a  —20p.m spot. The 
secondary mass spectrometer was operated at 9kV
with a mass resolving power of 5500 and a 75eV 
energy window. 160 was measured with the faraday 
cup and  17'180 were measured with the electron 
multiplier. The normal-incident electron flood gun 
was used for charge compensation. A natural 
enstatite of known composition and  Brenham olivine 
were used for standardization. 
   REE abundances were determined following the 
method described in [2]. The 2.5nA  0- primary beam 
was focused in critical illumination mode to  —30  pm. 
The secondary-ion mass spectrometer was operated 
at 10kV accelerating voltage, with an 80eV offset, a 
50eV energy window, and a mass resolving power of 
 --500. 
   Before and after the oxygen and REEs analyses, 
optical and scanning electron microscope 
observations were also performed to identify target 
minerals and to confirm that the correct spots were 
analyzed. Compositions of pyroxene grains in this 
chondrule were measured by an electron probe 
micro-analyzer at ASU. 
Results and Discussion: 
   The huge chondrule is a non-porphyritic, 
radiating pyroxene type (Fig. 1). The chemical 
composition of pyroxenes within the chondrule is 
almost constant, and Ca and Fe contents are low 
 (FeO-0.2wt%;  Ca0-0.1wt%). Interstices between 
pyroxenes are enriched in Ca, Na, S, and Al (Fig. 2). 
The Mg and Al X-ray images show 4 regions 
dominated by pyroxene, probably large single grains 
(Fig. 2). However, we found no significant 
differences in chemical or isotopic composition 
between these areas and the rest of the chondrule.
Figure 2. X-ray mapping images of the huge 
chondrule for Al, Mg, Ca, and S (the Na X-ray image 
is essentially the same as the Al image).
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   Rare earth element abundances of the huge 
chondrule exhibit some variations, although the 
primary beam was focused on enstatite grains and Ca 
yields are constantly low for all analyzed points. 
Normalizing to the CI-chondrite abundance, we can 
see that the REE patterns fall between two extreme 
patterns: 1) unfractionated and essentially undepleted 
compared to CI abundances, and 2) low abundances 
with an HREE-depleted pattern (Fig. 3). This range 
of patterns has some additional second-order 
features: negative Ce anomalies are the most 
common, while Tm and Yb anomalies are observed 
for several analysis points. It is unlikely that the 
variable REE patterns reflect partitioning during 
 chondrule formation. The REE abundances uggest 
that the huge chondrule retains evidence of the 
variety of chondrule precursor materials. However, 
we cannot rule out contributions from the 
Ca-Al-Na-S-rich mesostasis to some of the measured 
points.
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for the precursor materials have been well 
homogenized. 
   The subsequent noble gas analyses are expected 
to provide us information about the thermal 
conditions of the chondrule formation processes, 
heating temperature or cooling rate. The combination 
of oxygen, REE, and noble gas analyses could be a 
powerful tool to elucidate the origin of chondrules.
 -5 0 5 10 15 
 8180  (%o) 
Figure 4. Oxygen isotope compositions of chondrules 
in St. Marks. The huge chondrule has the 0 isotopic 
composition similar to those determined for other 
chondrules (Chondrule 1-3) with diameter typical to 
EH chondrites [1]. The average compositions of the 
St. Marks chondrules are virtually identical to that 
previously reported for bulk EH chondrites [3, 4].
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Figure 3. Examples of REE abundance patterns 
determined for several analysis points within the 
huge chondrule.
   The 0 isotopic composition of the huge 
chondrule is homogeneous and shows no 160 excess 
(Fig. 4). The average 0 composition is almost 
identical to the values previously reported for bulk 
EH chondrites [3, 4]. Also, there is no difference 
between the average composition of the huge 
chondrule and those of other St. Marks chondrules 
(Fig. 4). Unlike the REE abundances, the 0 isotopes
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                                       Finally, we obtained the bulk and soliddensities.
Introduction: 
   Density is one of the most important physical 
properties for materials. It is difficult to measure the 
densities of micrometeorites precisely because of 
their small sizes.  Okazawa et al.  [1] developed anew 
density measurement method for micrometeorites of
the size more than 50  ,u m by using X-ray micro 
tomography for measuring the volumes and 
microbalances for the masses. The densities of three 
Antarctic micrometeorites (AMMs) were measured 
by this method. However, the accuracy of this 
method has not been examined. In this study, we 
examined the accuracy of this method by measuring 
the densities of standard materials. In addition, the 
densities of eight AMM samples were measured. 
The densities of chondrite matrix fragments were 
also measured for comparison with AMMs.
Experiments: 
     Fragments of four standard materials  (3-50 
u g) listed in Table  1 were prepared for examining 
the accuracy of the method. Eight AMMs, which 
were collected from Minami Yamato in Antarctica by 
39th JARE [2], were used in this study (Table 2). We 
also used the fragments of the Begaa (LL3.2) and 
Mighei (CM2) meteorites for comparison with 
AMMs. The above samples were imaged with a 
micro X-ray CT system (SP-  u CT) at beamline 
BL47XU in SPring-8 of SR facility in Japan [3-5]. 
Each sample was attached to the tip of a fine glass 
fiber with glycol phthalate. Monochromatic X-ray 
beams of 10 keV were used for the imaging. 
Cross-sectional CT images were reconstructed from 
360-720 projections with a convolution back 
projection algorithm. Three-dimensional structures 
were obtained from successive CT images with the 
voxel size of 0.50 X 0.50 X  0.50  u m, which gives the 
effective spatial resolution of about  1-2  u m. The 
volumes of the samples were calculated from the 
numbers of voxels that belong to the AMMs. For the 
AMM and chondrite samples, porosities were also 
obtained. The masses of the samples were measured 
by a microbalance (Metler [UMX2] of Tokyo 
University) except for two samples (KS036, KS074).
Details of the experimental procedures are described 
 in  [1]. 
Results and Discussion: 
   The results of the standard materials are shown 
in Table 1. The densities measured in the present 
study well agree with those in the reference [6] 
within the error. This shows that we can obtain 
accurate densities of small particles by the present 
method using X-ray CT and microbalance. 
   The results of the AMM samples are shown in 
Table 2 together with those in the previous study  [1]. 
An example of the CT images of  PROO1 is shown in 
Figure  la. Mineral phases in some samples were 
determined with SR X-ray diffraction [7]. The results 
show that  PROO1 and  PROO5 are similar to CM and 
CI meteorites, respectively. We can estimate the 
densities of these samples from the mineral phases 
and their volumes that were estimated from the CT 
images. These estimated densities (3.5 g/cm3 for 
 PROO1 including serpentine, olivine, pyroxene, 
pyrrhotite, magnetite and 2.6 g/cm3 for  PROO5 
including serpentine, saponite, magnetite, pyrrhotite, 
ferrihydrite) are higher than the measured ensities. 
This discrepancy strongly suggests that the solid 
portions of the samples contain sub-micron pores, 
which cannot be recognized by the CT due to the 
limit of the spatial resolution. Such sub-micron pores 
might be the cause of low densities of asteroid 
heavenly bodies observed in recent years [8]. 
   Figure lb shows a CT image of Begaa, where 
bright objects are estimated to be metal and sulfides 
based on their CT values. The high density of Begaa 
(4.6 g/cm3: Table3) is consistent with the sample 
containing metal and sulfides. The density of Mighei 
(2.1 g/cm3 ) is smaller than the densities of CM 
chondrites  (2.6  2.9 g/cm3) [9]. This might also 
suggest the presence of sub-micron pores in the 
matrix. For future studies, SEM/TEM observation of 
the AMM and meteorite samples should be made to 
confirm the existence of sub-micron pores.
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Table 1: Densities of standard minerals. Table Porosities and densities of  chondrite
Sample
(X-ray energy
[key])
 p  *
[g/cm3]
mass
 [12 g]
(std)
 V
 (io-6cm)
 p
[g/cm3]
(std)
fragments.
Sample Mass
 Pi g]
(std)
Porosity
(%)
Solid V
 [1  0-6cm3]
(std)
Solid p
[g/cm3]
(std) Quartz-1 (10) 2.648 3.09
(0.15)
1.17 2.64
(0.13) Begga
(LL3.2)
3.6
(0.3)
--0 .1 0.778
(0.02)
4.6
(0.4)Quartz-2 (10) 9.85
(0.44)
3.75 2.60
(0.12) Mighei
(CM2)
1.8
(0.2)
 ^-0 .0 0.863
(0.01)
2.1
(0.2)Olivine (10) 3.334 5.39
(0.25)
1.62 3.33
(0.15)
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The AMM samples were supplied by the
National Institute of Polar Research t rough the open
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(15) 1.62 3.33
(0.15)
(20) 1.60 3.36
(0.16)
Rutile (20) 4.249 50.9
(0.36)
11.9 4.27
(0.03)
(25) 12.0 4.26
(0.03)
Magnetite (15) 5.200 8.81
(0.17)
1.66 5.30
(0.10)
(20) 1.62 5.43
(0.10)
 *: Values cited in [6]
Table 2: Porosities and densities of AMMs.
Sample Mass
 [II g]
(std)
Porosity
(%)
Solid V
 [10-6cm3]
(std)
Solid p
 [g/cm3]
(std)
Type
 MO2PROO1 4.7
(0.4)
-0 .5 2.45
(0.04)
1.9
(0.2)
CM
-like
 MO2PROO2 9.1
(0.2)
--0 .3 0.965
(0.04)
2.0
(0.0)
V,
UH
 MO2PR003
 (*)
3.4
(0.0)
-10 .7 1.51
 (0.03)
2.3
(0.0)
V,
UH
 MO2PROO4 5.7
(0.3)
 -0 .4 2.27
(0.02)
2.5
(0.2)
V,
UH
 MO2PROO5 9.1
(0.2)
 --0 .3 4.67
(0.09)
2.0
(0.0)
CI
-like
 MO2PROO6 4.0
(0.7)
 -9 .6 1.70
(0.04)
2.3
(0.5)
 V,
UH
 MO2PROO7 2.6
(0.1)
 -0 .9 1.39
(0.02)
2.1
(0.0)
UH
 MO2PROO9 0.8
(0.5)
 ^-0 .1 0.228
(0.00)
3.3
(2.5)
UH
 MO3KS068
 ()
1.2
(0.2)
-12 .0 0.528
(0.02)
2.3
(0.4)
 V,
 UH
 M03KS036 n.d. -0 .05 1.27
(0.05)
UH,
CG
 M03KS074
 (%)
 n.d. -0 .1 0.364
(0.01)
UH,
CG
•  (:)  : samples in the previous experiments [1] 
•  n.d.  :not determined 
• V: vesiculated 
 • UH: unhydrous 
• CG: coarse grain 
• All samples were collected in 1998 (Y98)
853-856. [4] Uesugi K. et al. (2002) Proc. SPIE, 
4503, 291-298. [5] Tsuchiyama A. et al. (2001) 
Antarctic Meteorites, XXVI, 151-153. [6] 
Tsuchiyama A. et al. (2000) Jour. of Mineral. 
Petrol. Sci. 95, 125-137. [7] Nakamura T. et al. 
(2001)  ,  Geochim. Cosmochim. Acta, 65, 
4385-4397. [8] Wilson L. et al. (1999) Meteoritics 
and  Planetary Sci. 34, 479-483. [9] Wasson, J.T. 
(1974) Meteorites: Classification and Properties. 
New York,  Springer-Verlag, 316p.
(a) (b)
306.0 0 
CT value  (cm-')
284.5
Figure 1: CT images  of  (a)  Y98M02PROO1 (CM-like 
AMM) and (b) Begaa  (LL3.2). Objects with bright 
contrasts have high CT values and vice versa.
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Introduction: Fourier-transform infrared (FTIR) 
spectroscopy is a powerful means to investigate the 
molecular structures of various organic and inorganic 
compounds. Hydrous component can be sensitively 
detected ue to the large dipole moment of  O-H bond. 
In the field of planetary science and astronomy, 
infrared reflective spectra for various types of 
meteorites are used to compare the optical properties 
of meteorites with those of asteroids in order to 
identify candidate parent bodies for each type of 
meteorites. The comprehensive mid-infrared analyses 
of meteorites were presented in some reports  [1-4]. 
  In our previous study, infrared spectra for some 
carbonaceous chondrites were obtained by FTIR 
spectroscopic analyses using diamond press method 
and we had suggested that carbonaceous chondrites 
can be classified by their spectral feature of hydrous 
components [5]. The objective of this study is to 
verify the justification of the expectation. We present 
here the infrared absorption spectra for Antarctic, 
non-Antarctic, and desert carbonaceous chondrites 
and CI clasts in polymict breccias.
Experimental: In this work, diamond press 
method [5] and KBr pellet method were used 
together. KBr method was adopted for six 
non-Antarctic meteorites ince enough amounts of 
samples could be prepared to the analysis. For the 
diamond press method, crushed carbonaceous 
chondrites  (-100  pim,  11..tg) were pressed between a 
pair of diamonds and thinned in order that infrared 
light can go through the samples. Matrix of chondrite 
was selected from the fragments of carbonaceous 
chondrites. Infrared spectra in a transmission mode 
were obtained through a square optical aperture 
(60x60  um2) with a spectral resolution of 4  cm'. 
Advantages of the diamond press method are easy 
operation and to be able to obtain infrared spectra 
even with an extremely small sample, for example, 
small carbonaceous inclusion. Hence, this method is 
suitable for measuring avery valuable sample.
Results: Infrared transmission spectra for all clans 
of carbonaceous chondrites are obtained to establish 
an available technique of spectroscopic classification 
for carbonaceous chondrites. Obtained transmission 
spectra are shown in the figures. CI chondrites are 
classified by a sharp absorption band, which is 
appeared at 3685  crn-i, indicating the presence of 
serpentine rather than saponite, since serpentine has a 
sharp absorption at the same peak position. However, 
 Y-82162  (Cl) did not have this band due to thermal 
metamorphism. CM and CR chondrites have
-0 
0 
0
    4,000 3,500 3,000 2,500 2,000  1,500 1,000 
            Wavenumber  (cm') 
Fig. 1: Infrared transmission spectra for various types 
of carbonaceous chondrites. Intense absorption of 
Si-0 stretching vibration is appeared at about 1000 
     -1 
cm. There are clear differences in 0-H stretching 
absorption at  —3400  cm"'.
characteristic band appeared at near 3600  cm-1, 
showing the presence of ill-crystallized 
phyllosilicates. This absorption tends to appear in 
CM chondrites more strongly than CR chondrites. 
Spectrum feature of Tagish Lake meteorite does not 
belong to CI or CM chondrites. The differences of 
infrared spectra among hydrous carbonaceous
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chondrites show their evolutional history of parent 
body formation in the early solar system. 
Phyllosilicates in CI chondrites have higher 
crystallinity than CM or CR chondrites, which is 
caused by the differences of conditions of aqueous 
alterations. One of the largest differences is 
temperature. The temperature of aqueous activity on 
the CM parent body is estimated to0-25°C [6,7]. On 
the other hand, CI chondrites experienced slightly 
warmer temperature, but it was no higher than 50°C 
[8]. The little difference of alteration temperature 
presumably controls the spectral features. Since 
hydroxyl ions in ill-crystallized phyllosilicates are 
bonded to other hydroxyl ions or molecular waters, 
free-OH induced sharp band of 3685  cm' is 
eliminated. CO chondrites were characterized by
weak, broad absorption at3400  cmI. CV chondrites 
have weak or negligible absorption ofwater. A CK 
chondrite also has no water-induced absorption. 
Gujba (CB) has several unique spectral 
characteristics and these features should be discussed 
with CH chondrites because infrared spectra of two 
desert CH chondrites,  NWA470 and  Acfer207 are 
similar to that of Gujba (Fig. 2). Gujba,  NWA470, 
and  Acfer207 have four common absorption bands: 
2854, 2924,  —3400, and 3693  cm'. A pair of bands of 
2854 and 2924  cm' arise from symmetric and 
asymmetric C-H stretching vibration, which are 
presumably terrestrial contaminations. Intense 
absorption near 3400  cm1 clearly shows the presence 
of hydrous components. The most remarkable p ak is 
detected at3693  cm', which presumably reflect he 
effect of terrestrial weathering. The band is 
distinguishable from a peak of 3685  cm'' observed in
CI chondrites. Therefore, the band may be used as an 
indicator of terrestrial weathering. Indeed, metal 
irons in the three African chondrites clearly have 
rusted. 
   The present study developed the spectroscopic 
classification technique of carbonaceous chondrites 
from the speciation of hydrous components and the 
spectroscopic taxonomy can be applied into 
carbonaceous inclusion in brecciated meteorites. IR 
spectra for CI chondrite clasts in Tsukuba and 
Willard clearly have sharp absorption band at 3685 
 cm-1 (Fig. 3).
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BORON ABUNDANCES FOR ANTARCTIC CHONDRITIC METEORITES. 
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192-0397, Japan)
   It is no doubt that Antarctic meteorites 
have been playing an important role in 
cosmochemistry. This is understandable if 
we remember a total number of meteorites 
recovered on Antarctica and a large variety 
of meteorite species including lunar and 
Martian meteorites. However, these 
advantages may be offset by terrestrial 
contamination and alteration on Antarctica. 
Therefore, it is essential to assess the 
influence of such effects on chemical 
compositions of Antarctic meteorites. So far, 
such elements as halogens [e.g.  1] and Hg 
[2] have been recognized to become 
overabundant inAntarctic meteorites due to 
terrestrial contamination. Meanwhile, Curtis 
and Glandney [3] concluded that even non-
Antarctic chondritic meteorites are 
extremely susceptible to terrestrial B 
contamination. In this study, we determined 
B contents in Antarctic chondrites (mainly, 
ordinary and carbonaceous chondrites) and 
examined whether Antarctic chondrites were 
influenced in respect o B. 
   We analyzed several ordinary and 
carbonaceous Antarctic chondrites. For 
ordinary chondrites, we have chosen such 
chondrites as those for which over-abundant 
halogens (chlorine and iodine) were already 
observed. Samples (either in powder or in 
lumps) were assayed by neutron-induced 
prompt gamma-ray analysis (PGA) at the 
JRR-3M reactor. Chlorine and B have rather 
high sensitivity in PGA and, hence, were 
reliably determined non-destructively. 
   Analytical results of B and Cl contents 
in Antarctic ordinary chondrites obtained in 
this study are shown in Fig. 1. It is obvious 
that Cl and B contents are positively 
correlated for Antarctic ordinary chondrites. 
Mean Cl contents (in ppm) in H, L and LL 
chondrites are 80, 76 and 130, respectively 
[4]. All our Cl data obtained in this study are 
apparently higher than these means, 
suggesting that such over-abundances of Cl
Tokyo
contents in these meteorites are due to 
terrestrial contamination on Antarctica. A 
positive correlation between Cl and B 
contents as shown in Fig.1 implies that these 
samples were also  contaminated with B. By 
using interior pieces of non-Antarctic 
chondrites, Curtis and Gladney [3] deduced 
average B abundances in ordinary 
chondrites; 0.43, 0.57 and 0.48 ppm for H, 
L and LL chondrites, respectively. 
Obviously, B contents in those samples 
analyzed in this study are systematically 
higher than averaged values of their 
corresponding roups. It may be noted, 
however, that the degree of overabundance 
is largely different between Cl and B; Cl is 
much heavily contaminated than B, 
suggesting that contaminants yielding such 
overabundances are different between B and 
 Cl.
 Fig.1. B and Cl contents in Antarctic 
  ordinary chondrites. 
   In contrast with ordinary chondrites, 
Antarctic carbonaceous chondrites do not 
seem to show an apparent correlation 
between Cl and B contents (Fig. 2). Both B 
and  Cl contents in those Antarctic 
carbonaceous chondrites studied in this
-117-
work are somewhat higher than their 
averaged values[3, 4]  (Cl: 680, 160, 240, 
and 210 ppm for CI, CM, CO and CV; B: 
0.87, 0.61, 0.45, and 0.3 ppm for CI, CM, 
CO, and CV) but are not correlated. This 
suggests either that contaminants for Cl and 
B are different as discussed above or that B 
and Cl interact with chondritic materials in 
different ways regardless of contaminants.
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Fig.2. B and Cl contents in Antarctic 
carbonaceous chondrites.
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Introduction: 
   Micrometeoerites (MMs) consist of various 
kinds of minerals. Mineralogical variation of MMs 
inherits the diversity of mineralogy of the parent 
bodies, although the mineralogy of MMs is modified 
by the heating in space and in terrestrial atmosphere. 
On the other hand, the noble-gas compositions of 
MMs provide the records of noble-gas ignatures of 
the parent bodies, of exposure history to solar winds 
and cosmic rays  [1] and of hearing degrees. We 
performed the detailed mineralogical characterization 
and noble gas analysis of individual MMs in order to 
uncover the relationship between mineralogy and 
noble-gas ignatures.
Sample and Methods: 
   MMs were collected by the filtration of molten 
ice from bare ice at the Kuwagata Nunataks in 
Antarctica [2]. Among the materials collected by 
the filtration, we selected unmelted to totally melted 
MMs from 100 to  238ptm in diameter based on the 
surface features and chemical composition of 
particles obtained by a scanning electron microscope 
with an energy dispersive spectrometer (SEM/EDS). 
Most MMs have chondritic elemental compositions. 
Bulk mineralogy of 23 individual MMs was 
determined by synchrotoron radiation X-ray 
diffraction (SR-XRD) [3]. SR-XRD was performed 
at the high energy accelerator research organization, 
Tukuba, Japan. The textures of polished surface of 
20 MMs were observed by a field emission scanning 
electron microscope (FE-SEM). The isotopic ratios 
of He, Ne and Ar and the concentrations of all noble 
gases in 16 individual MMs were measured using a 
noble gas spectrometer with a laser microprobe 
system.
Results and Discussion: 
   In the SEM/EDS analysis, we found an 
extremely carbon-rich MM with  200pm in diameter. 
Approximately half of the MM consists of 
carbonaceous materials. SR-XRD analysis showed 
that the MM consists of graphite, olivine, Fe-sulfide 
and some minor minerals. The texture and 
chemical composition of the cross section of the MM 
revealed that the MM is not similar to carbonaceous 
chondrites and carbonaceous materials in ureilites. 
The isotopic compositions indicate that He and Ne 
are dominated by solar wind. Ar, Kr and Xe were 
also detected from the MM. The heavy noble gas
concentrations of the MM are higher than those of 
other MMs that had been ever reported [4]. The 
MM is large and an extremely carbon-rich material 
and therefore it is obvious that he MM has a unique 
origin and a formation history. 
   SR-XRD analysis indicated that 15 MMs have 
basically similar X-ray diffraction patterns and 
hereafter we refer them as group-A MMs. The 
major phases of these group-A MMs are olivine, 
low-Ca pyroxene, and magnetite. FE-SEM 
observations of the group-A MMs revealed that they 
are aggregates of very small equigranular grains 
 (<1p.m). The textures are very similar to those of 
hydrous carbonaceous chondrite that was 
experimentally heated to temperatures below the 
melting point [5]. The grain size of recrystallized 
minerals increases with the elevation of the 
temperatures [5]. Therefore we regard the group-A 
MMs as decomposed hydrous MMs. The detailed 
FE-SEM observation of the group-A MMs shows 
that he mineral grains at the outermost part of MMs 
are larger than those at inner part of MMs. This 
indicates that the outer grains were heated to higher 
temperature than the inner grains and thus MMs have 
been heated from the surfaces. 
   Heating temperature also relates to the noble gas 
concentration. Solar wind (SW)-Ne was detected 
from all group-A MMs, indicating that these MMs 
are real extraterrestrial p rticles. He was detected 
from 14 MMs and  4He concentrations are widely 
distributed from 2.6 X  le to 1.3 X  10 cm3STP/g. 
Most MMs have  3He/4He ratios close to solar 
energetic particles (SEP).  'Ne concentrations of 
the group-A MMs are distributed from 1.0 X  10-7 to 
3.0 X  10' cm3STP/g. The Ne isotopic ompositions 
of most MMs make a cluster around SEP-Ne in a 
three Ne diagram. 40Ar/36Ar ratios of the group-A 
MMs (1.5-184) are lower than that of the terrestrial 
atmosphere (296). 
   In space,  41-1e/20Ne ratios of MMs are expected 
to be constant ear the solar-wind value (550). But 
the  4He/20Ne ratios decrease when MMs experienced 
heating, because solar-wind 4He is easy to escape 
from MMs.  4He/20Ne ratios of the group-A MMs 
are distributed from 1.2 to 153. This suggests hat 
preferential 4He loss does occur during heating in 
space or in terrestrial tmosphere. On the other 
hand, the outermost parts of MMs are composed ofa 
train of magnetite crystals that were formed by 
external heating in the atmosphere. The size of 
magnetite is a measure ofthe temperature. We
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found a clear anticorrelation between the grain size 
of magnetite and  4He/2°Ne ratios from the group-A 
MMs. This suggests that  4He/20Ne ratio was 
established by the heating in the atmosphere and 
found as a good measure for estimation of heating 
degrees in the atmosphere. On the other hand, 
 41-1e/20Ne ratio is also inversely correlated to the size 
of minerals in the interior of MMs. This suggests 
that overall mineralogy of the group-A MMs are 
established uring atmospheric entry. 
References: 
 [1] Osawa and Nagao (2002)  Meteorit. Planet. Sci., 
37, 911-936 [2] Yada and Kojima (2000) Antarct. 
Meteorite Res., 13, 9-18. [3] Nakamura et al. (2001) 
Geochim. Cosmochim. Acta 65, 4385-4397. [4] 
Osawa et  al. (2003) Meteorit. Planet. Sci. submitted 
[5] Greshake t  al. (1998) Meteorit. Planet. Sci., 33, 
267-290.
—120—
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 The effect of meteorite powders in 
 model syntheses of amino acids [1, 2] 
 and upon hydrogen-deuterium 
 exchange reactions of meteorite 
 organics has been studied [3, 4]. For 
 example, FTT syntheses of amino acids 
 in the presence of various catalysts have 
 shown that Murchison powder, heated 
 to be free of organics, catalyzes 
syntheses of amino acids with close 
similarity to those seen in Murchison 
and Murray, where a-amino isobutyric 
acid is the predominant product [2]. 
Recently, we encountered another effect 
of meteorite powders in the thermal 
decomposition of the amino acid 
isovaline. A large enantiomeric excess 
of —15% , i.e., comparable to the upper 
values determined for the amino acid 
isovaline, was found for sec-butylamine 
in a sample of the Murchison meteorite 
[5]. Attempting to ascertain if the 
enantiomeric excesses of meteoritic 
amino acids could be retained upon 
decarboxylation into amines, we 
subjected enantiomerically pure 
standards of  isovaline to thermal 
decomposition, both alone and in the 
presence of previously extracted 
Murchison powders. For either 
enantiomer alone, and except for the 
possibility of an inversion, this reaction 
should yield a racemic product: 
 NH,/H2NH , 
CH3CH2C-CHCH 3C/                             cH3CH2r H 
  CH3CH3 CH3
 We found that in the absence of 
 meteorite powder the heating of 
standard (R), or  (s) isovaline did yield 
racemic sec-butylamine while, in the 
presence of meteorite powders, the 
asymmetry of the starting amino acid 
was retained in the product amine to an 
 cc of approximately 20%. 
This and previous experiments suggest 
an influence on the part of meteorite 
powders upon syntheses  and 
reactions of amino acids that should be 
studied further and systematically, as it 
may shed light into these and other 
meteoritic  compounds' synthetic 
processes. 
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Introduction: Differentiation of terrestrial 
planets involves metal segregation into a 
core, followed by mantle differentiation. 
Differentiation of a mantle can occur cold, 
through solid-solid equilibria, or hot, 
through solid-liquid equilibria (e.g., a 
magma ocean). Two groups of elements 
offer new constraints on mantle quilibrium: 
Hf and W, linked through the decay of 
short-lived  182Hf to  182W (9 Ma half life), 
and the highly siderophile lements (HSE), 
Re, Os and Pt, linked through the decay of 
 187Re to iros , and 1"Pt to  1860s, 
respectively. The timing and nature of 
differentiation has recently been addressed 
using these systems [e.g., 1,2,3,4]. 
Because both core formation and mantle 
differentiation fractionate many elements, 
their respective contributions to elemental 
fractionation must be understood for a solid 
interpretation of isotopic data. New 
constraints on fractionation of these 
elements have been provided by 
measurements of experimental partition 
coefficients [5,6,7]. Several examples of 
how these elements can be fractionated in 
planetary mantles are discussed here. 
Olivine and chromite fractionation in a 
magma ocean: It has been suggested that 
the superchondritic Mg/Si ratio of Earth's 
primitive upper mantle was formed by 
flotation of olivine into the upper mantle 
during a magma ocean stage in the early 
Earth [8]. This can be evaluated using a 
number of trace elements that are sensitive 
to olivine fractionation. Ni and Co were 
deemed inconsistent with this hypothesis 
based on high pressure partition coefficients 
between olivine and melt [9]. Because Ni 
and Co are also sensitive to chromite 
fractionation, and a Cr-rich  (3000 ppm) 
magma ocean is likely to have chromite on 
it's liquidus, the hypothesis should be tested 
for olivine and chromite fractionation. In 
addition, HSE's are chondritic relative in
Earth's PUM  [11] and may be fractionated 
in a magma ocean with olivine and/or 
chromite flotation. Using partition 
coefficients for Re, Os, Pd, Ir Ni and Co 
reported by [5] and  [10], it is clear that all of 
these elements would be fractionated after 
30% crystallization of olivine or 30% 
olivine +  1% chromite (Fig. 1). The 
fractionation is much greater for Re/Os and 
 Pd/Ir if chromite is involved. Thus it 
appears that olivine flotation alone cannot 
account for the elevated Mg/Si ratio in 
Earth's primitive upper mantle. These 
elements hould also be sensitive indicators 
of fractionation i  other planetary mantles, 
such as Mars or the Moon.
Yz, 
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   0.05 0.10  0.15 03 025  0.30 
         Fraction ofolivine addition 
Figure 1: Calculated change in Ni/Co,  Pd/Ir and 
Re/Os ratios in the terrestrial upper mantle due to 
flotation ofolivine. Partition coefficients are those 
 of  [6,7, 9]. 
Importance of pyroxene and garnet in 
 Hf/VV fractionation: The formationof 
Mars' 20 mass% core resulted in a low 
mantle  Hf/W ratio of 4  [5], too low to 
account for the large excesses of  182w
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measured in some of the SNC meteorites 
[12]. Values of  sw due to core formation 
alone (15 Ma after To) only reach  — +1 (Fig. 
2). As a result, additional fractionation of 
Hf from W in the mantle is required to 
explain the latter isotope data. 
     Early differentiation of the martian 
mantle could generate higher  }TM ratios 
than that due to core formation (Fig. 2), and 
contribute to the high measured values of 
 182w in SNC meteorites [12]. Melting of a 
shallow (early) mantle source containing 
10% clinopyroxene with  D(Ht)/D(W) = 5, 
and 10% garnet with  D(HO/D(W) = 30, 
would have a  HON ratio of 17 (Fig. 2). 
Such a mantle could produce large excesses 
of  182W within  —20 Ma, with a magnitude 
similar to those measured in the nakhlites, 
Chassigny and EETA79001 (Fig. 2). 
Furthermore, a garnet-free mantle with 20% 
clinopyroxene would have a  HVW ratio of 7, 
and would also evolve large excesses of 
 182w within  —45 Ma. 
Conclusions: The role of chromite in 
fractionating siderophile lements (Ni, Co, 
HSE) is significant, yet our understanding 
of chromite stability in a deep (100 to 800 
km) magma ocean is not complete. This 
should be a focus of  future work. 
      The role of pyroxene and garnet 
crystallization on the fractionation of Hf
25
20
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from W is also significant and must be 
accounted for in any modelling of isotopic 
data. It has been shown [5] that these two 
phases can account for the W isotopic 
anomalies measured in martian meteorites, 
and that core formation in Mars had only a 
minor effect of the  Hf/W ratio of the mantle. 
Clearly metal-melt and garnet-melt and 
clinopyroxene-melt equilibria can all 
fractionate Hf from W. These calculations 
don't change the conclusion that Mars 
accreted rapidly, but the cause of the 
fractionation is important when linking W 
isotopic variation to other isotopic systems 
such as Nd, Hf, and Os.
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Figure 2: Calculated  sw values resulting from melting a martian mantle 15 Ma after the formation of the solar 
system (TO).  cw resulting from shallow mantle melting can easily explain the measured  sw values in SNC 
meteorites.  Ew resulting from core formation alone, and  sw resulting from deep mantle melting are too low 
and too high, respectively. Figure from Righter and Shearer (2003) [5].
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Introduction 
    "Oikeyama crater" (approximately 900 meters 
in diameter, semi-circular topographical feature) is 
located in the eastern side of Mt. Oikeyama on 
Shirabiso Highland, which lies in the southern part of 
the Akaishi Mountains, Nagano Prefecture, Japan. 
The regional geology of this area consists of 
sandstone and mudstone interbedded with chert 
belonging to Chichibu Paleozoic terrain  [1]. The 
samples were collected from the central region of 
this area and their thin sections were investigated 
under optical microscope by cross- and plane-
polarized light modes. The purposes of this study are 
further classification of the planar microdeformations 
and describe the shock-metamorphic features of the 
minerals from the Oikeyama crater. This study might 
support he impact cratering record of this structure.
Discussion 
   In a pioneering study, Sakamoto et  al. (2001) 
found well-developed planar microdeformations of 
quartz samples from Oikeyama crater. According to 
their study, the planar features how high density of 
straight fractures with several micrometers in width. 
It was also noted that these features are mainly 
oriented along (0001) crystallographic planes. In our 
recent study, planar microdeformations should be 
further classified into two groups: (1) planar fractures 
(PFs) and planar deformation features (PDFs). Planar 
fractures are open cracks spaced 15-20  µm apart with 
5-10  p.m wide fractures. It is important o note that 
PFs cannot be used as shock-metamorphic indicators, 
because similar fractures occur even in tectonic or 
non-impact settings [2]. Planar deformation features 
have been known as most important shock-
metamorphic indicators not only in quartz but also in 
various minerals [2]. They occur in two or three 
well-discernable orientations (spacing: 5-10  pm, 
width: 1-2  pm) as multiple sets in the quartz samples 
(Fig. 1).
Conclusions and Summary 
   On the basis of the observation of planar 
deformation features in quartz, there is a strong 
evidence for hypervelocity impact theory on the 
formation of the Oikeyama crater. Occurrence of 
PDFs indicates that these samples were subjected 
under 15 GPa shock pressure [2]. In the further study 
a detailed study of scanning electron microscope-
cathodoluminescence investigation will be carried
out on these samples to obtain high-resolution 
images on these planar microdeformations.
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Figure 1. The plane-polarized light image of the 
Oikeyama crater quartz sample shows two 
 discernable orientations of PDFs (black arrows) and 
PFs (white arrow), where the view area is 
approximately  0.5x0.5 mm.
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Introduction: Martian meteorite Y980459 is classi-
fied as an olivine-bearing shergottite  [1] and petro-
graphically resembles several other olivine-phyric or
picritic shergottites, i.e. EETA 79001 lith. A, 
DaG476/489,  SaU005/094, Dohfar 019,  NWA 
1068/1110 and NWA 1195, reported previously in 
the literature [e.g. 2, 3]. These meteorites have vari-
able crystallization and ejection ages ranging from 
 —172 Ma to —575 Ma and from —1 Ma to —20 Ma, 
respectively [e.g. 4], and probably represent volcanic 
melts derived from the Martian mantle. Y980459 is 
unique among this group of olivine-phyric shergot-
tites in several respects. It completely acks plagio-
clase, contains abundant residual volcanic glass, is 
only weakly shocked, and is very fresh  [1,5]. 
Y980459 and EETA 79001 were collected in Ant-
arctica, a cold environment less prone to terrestrial 
weathering than hot deserts. Thus, key elemental nd 
isotopic characteristics of these meteorites are 
probably still preserved after falling to Earth. In con-
trast, the majority of this group of shergottites was 
found in hot Saharan and Arabian deserts where 
terrestrial weathering could have severely altered 
their chemical compositions and isotopic systemat-
ics. 
   In this report, we present preliminary Rb-Sr and 
Sm-Nd isotopic data for Y980459 and compare 
these data with those obtained from olivine-phyric 
shergottites from the hot deserts, and from QUE 
94201, another Antarctic shergottite with some simi-
lar characteristics. 
Samples: A sample of Y980459, weighing —1.5 g, 
was kindly allocated for the study by the National 
Institute of Polar Research of Japan. The sample is a 
fine-grained rock containing yellow/brown olivine 
megacrysts. One fragment weighing —0.5 gused for 
this preliminary study was processed by gently 
crushing and removing olivine megacrysts. Then the 
sample was further crushed to grain size <149  p.m. 
About 100 mg of the sample was taken as the bulk 
rock sample (WR). The rest of the crushed sample 
was sieved into two size fractions, 149-74  p.m and 
<74  pm. Mineral separations were made from the 
finer fraction sample (-95 mg) by density separation 
using heavy liquids of bromoform, ethylene iodide 
and Clerici's solutions. At p>3.45  g/cm3, we ob-
tained a good yellow/brown olivine (01) sample of 
>95% purity. The white pyroxene-rich (Px) and 
black glass-rich  (G1) samples were concentrated in 
the density fractions p=3.32-3.45  g/cm3 and  p=2.85-
3.32 g/cm3, respectively. A very small mesostasis-
rich (p<2.85 g/cm3) sample (-0.8 mg) was also ob-
tained. In order to eliminate possible terrestrial con-
taminants, samples of WR, Px, and GI were washed 
with 2N  HCI in an ultrasonic bath for 10 minutes. 01 
and <2.85 g/cm3 samples were washed with less 
concentrated 0.5N  HCI. Both the residues (r) and 
leaches (1) of these samples plus an unwashed WR 
sample were analyzed for Rb, Sr, Sm, and Nd fol-
lowing the chemical procedures of [6]. The Rb, Sr, 
Sm and Nd isotopic measurements were made on 
Finnigan-MAT mass spectrometers, either 261 or 
262, multi-collector instruments following the pro-
cedures of [6]. The 87Sr/86Sr and 143Nou11144Nd results 
reported here were renormalized to the NBS 987 
standard 87Sr/86Sr  =0.710250 and the Ames standard 
143,,144   Nor"Nd=0.511138, respectively. 
Rb-Sr Abundances: The Rb and Sr abundances of 
six olivine-phyric shergottites and QUE 94201 are 
summarized in Fig. 1. All the hot desert samples 
tend to have high and variable Sr contents of 47-360 
ppm whereas the two fresh Antarctic olivine-phyric 
samples (Y980459 and EETA 79001) have similarly 
low Sr contents of —20 ppm. The Rb and Sr abun-
dances do not seem to correlate with plagioclase in
these shergottites because EETA 79001 lith. A con-
tains —17% plagioclase whereas Y980459 has none. 
The high Sr abundances in desert meteorites are 
probably due to the presence of secondary terrestrial 
alteration products (e.g. carbonates) in the samples 
[3], not the plagioclase component.
Olivine-phyric Shergottites & QUE 94201
0.0 0.4  0.8 1.2 2.0 4.0 6.0 
Rb (ppm)
Figure 1. Rb vs. Sr of bulk olivine-phyric shergottites and QUE 
94201. Y980459 bulk rock samples are in solid circles. 
REE Distribution: Fig. 2 summarizes the  CI-
normalized REE distribution patterns of olivine-
phyric shergottites and QUE 94201. Sm and Nd data 
for bulk rock samples for Y980459 are also plotted 
for comparisons. Except NWA 1068, all other sam-
ples regardless of their discovery areas have  simi-
larly highly LREE-depleted patterns. Y980459 is 
indistinguishable from the SaU 005 desert meteorite 
in Sm and Nd contents, suggesting that REE are
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probably less susceptible to hot desert alterations 
than Sr as reported in [71. QUE 94201 is probably an 
evolved magma since its mg-value is low relative to 
olivine-phyric shergottites, explaining its high REE 
and Sr contents.
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Figure 3. Rb-Sr isochron for Y980459. Residues are in solid cir-
cles. Leachates are in squares and unwashed bulk rocks are in 
triangles.
Figure 2.REE distribution patterns of olivine-phyric shergottites 
and QUE 94201. Y980459 bulk rock samples are in solid circles. 
Rb-Sr Isotopic System: The  87Rb/86Sr and  87Sr/86Sr 
data for two unwashed WR (triangles), six acid-
washed WR and minerals (solid circles) and their 
respective l achates (squares) from Y980459 are 
shown in Fig 3. All twelve data do not define a lin-
ear array, indicating that Rb-Sr isotopic system is 
"open". Five acid-washed samples (WR1,2,  GI, Px 
and <2.85 g/cm3) form a linear array corresponding 
to an age of 304±82 Ma for  X(87Rb)=0.01402  Ga' 
and I(Sr) = 0.70146 ± 0.00007. The Px sample is 
slightly off the isochron by —1 c-unit. If this tie-line 
represents he age of Y980459, it is within the age 
limits obtained from the evolved Antarctic shergot-
tite QUE  94201[8]. But, lower  I(Sr)=0.701298±14 
for QUE  94201[8] suggests hat Y980459 and QUE 
94201 may represent two flows produced contempo-
raneously. All four leachates and acid-washed  oli-
vine samples plot far from the isochron and may 
have been terrestrially contaminated. 
Sm-Nd Isotopic System: Fig. 4 shows three bulk 
rock  147Sm/144Nd and I43Nd/144Nd data for Y980459. 
Sm-Nd internal isochrons of five other olivine-
phyric shergottites and QUE 94201 are also shown. 
Y980459 plots closer to the bulk rock data of DaG 
476 and SaU 005, and to their isochrons than to 
QUE 94201, suggesting slightly different Sm/Nd 
ratios in the sources of Y980459 and QUE 94201. 
These shergottites are more radiogenic than Doh 
019, EETA 79001 and NWA 1068. Data for two 
bulk rock samples, washed and unwashed, of 
Y980459 are almost identical. The leach datum is of 
poor quality because of very low Nd abundances 
(-400 pg analyzed). The Sm-Nd age result is pend-
ing forthcoming data for mineral separates. Judging 
from the bulk rock data alone, Y980459 seems to be 
more closely related to DaG476 and  SaU005 than to 
other olivine-phyric shergottites.
0.5150
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Figure 4. Sm-Nd isochrons of olivine-phyric shergottites and QUE 
94201. Y980459 bulk rock data are in circles. Squares are bulk 
rock data for other meteorites as indicated. 
Conclusions: The study suggests that Rb-Sr isotopic 
systematics in Y980459 and most other olivine-
phyric shergottites were severely altered by terres-
trial contaminants. However, acid-washed whole 
rock and minerals for Y980459 define a Rb-Sr age 
of 304±82 Ma, similar to QUE 94201. The forth-
coming Sm-Nd data probably will be less affected 
by terrestrial contaminants than are the Rb-Sr data. 
Preliminary Rb-Sr and Sm-Nd elemental and iso-
topic data suggest hat Y980459, DaG 476, SaU 005 
and QUE 94201 probably represent closely associ-
ated Martian magma types. 
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Chemical composition of Yamato 980459 
 N. Shirai and M. Ebihara, Graduate School of Science, Tokyo Metropolitan University, Hachiouji, 
Tokyo 192-0372, Japan.
 Yamato (Y) 980459 was identified to be a 
basaltic shergottite according to 
petrographic, oxygen isotopic and noble gas 
studies  [1]. Shergottites are classified into 
two groups, basaltic shergottites and 
lherzolitic shergottites. Recently, a third 
class of shergottites has been recognized; 
olivine-phyric shergottites, containing 
olivine phenocrysts  n a basaltic matrix [2, 
3]. According to petrographic features, Y 
980459 is classified as an olivine-phyric 
shergottite, to which  EETA79001A, 
DaG476,  SaU005,  Dho019,  NWA1068 and 
 NWA1195 also belong. In this study, we 
analyzed Y 980459 using several analytical 
methods so that the meteorite can be 
characterized based on the chemical 
composition. 
 Lump specimens (Y980459,80) weighing 
2.585g were  carefully ground in clean agate 
mortars. An aliquant of 248mg of this 
powdered specimen was allocated to us for 
a consortium study of Y980459. We 
analyzed the sample using  neutron- induced 
prompt gamma-ray analysis (PGA) and 
instrument neutron activation analysis 
(INAA) for major, minor and trace elements. 
 JB-1 (basaltic standard rock of Geological 
Survey of Japan) and  the Smithsonian 
Allende powder were used for reference 
standards. We also used inductively coupled 
plasma mass spectrometry (ICP-MS) for the 
determination f rare earth elements (REEs), 
 Th  and  U. 
  The major elemental abundances with 
respect o Mg, Ca, Al and Cr are different 
among Martian meteorites as shown in the 
 Ca/Si versus Mg/Si plot (Fig. 1). This figure 
effectively characterizes Martian meteorite 
into several groups [4]. Shergottites are 
spread along a line tying a point with high 
 Ca/Si and low Mg/Si ratios and a point with 
low Ca/Si and high Mg/Si ratios, on which
each group is localized. Olivine-phyric 
shergottites are located between basaltic 
shergottites and lherzolitic shergottites 
groups. Apparently Y 980459 exists in the 
olivine-phyric shergottites area. 
 Figure 2 shows a CI chondrite-
normalized REE abundance pattern for Y 
980459 compared with those of 
olivine-phyric shergottites and basaltic 
shergottites. The light REEs in Y 980459 
are strongly depleted and steeply increased 
toward the  middle REEs, while the heavy 
REEs are flat. The REE abundances of Y 
980459 are very similar to those for two 
other olivine-phyric shergottites DaG476 
and  SaU005, suggesting a genetic linkage 
among these three meteorites. Although 
REE abundances in Y 980459, DaG476 and 
 SaU005 are lower than those of basaltic 
shergottite QUE94201, their patterns are 
similar to each other. This may indicate a 
genetic similarity between these meteorites. 
In order to clarify the relationship between 
these meteorites, isotope studies are 
required. 
  We are determining platinum group 
elements contents in Y 980459 using 
ICP-MS coupled with NiS fire assay and 
will discuss their abundances at the 
symposium.
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Introduction: 
  Type B (pyroxene-rich) refractory inclusions are 
one of the major types of inclusions found in 
carbonaceous chondrites. They are subdivided into 
two types based on the presence  (Bls) or absence 
(B2s) of a countinuous, nearly monomineralic 
melilite mantle enclosing the inclusion. Much of 
what we know about Type B inclusions comes from 
studies of Type  B1 inclusions; little detailed data 
exist for Type B2s. To remedy this situation, we are 
studying a suite of B2s from Allende. In addition to 
documenting features of B2s, we are looking for 
contrasts with B  Is to improve our understanding of 
the formation of both types. One such difference is 
the relatively common occurrence of sector-zoning in 
Ti-, Al-rich clinopyroxene, termed fassaite  [1], in 
Type B2s and the rarity of such zoning in fassaite in 
 B  I  s, which may provide constraints on crystal 
growth rates. We studied a suite of sector-zoned 
crystals optically and with the scanning electron 
microscope, and analyzed them by electron 
microprobe (EMP) and laser-ablation ICP mass 
spectrometry (LA-ICP-MS). 
Observations: 
 Fassaite in Type B CAIs is commonly 
concentrically zoned with gradually decreasing Ti 
oxide and increasing  MgO and  SiO2 contents from 
core to rim [2]. Sector-zoned pyroxenes, however, 
have sharp discontinuities in the distributions of 
these oxides and A1203 that commonly are not 
concentric with respect o the cores of crystals. The 
structure of a euhedral, sector-zoned proxene can be 
thought of as a set of adjacent pyramids whose apices 
meet at the center of the crystal and whose bases are 
the crystal faces [3]. As noted in [4], in fassaite the 
sectors are either  MgO-, Si02-rich or are relatively 
 A1203-rich. The sector-zoning is thus mainly defined 
by variations of the Di  (CaMgSi2O6) and CaTs 
 (CaAl2Si06) components of the pyroxene. The Ti-
bearing components, T3P  (CaTi3+AlSi06) and  T4P 
 (CaTi4+A1206) are slightly enriched in the CaTs-rich 
sectors relative to the Di-rich sectors, making the 
zoning discernable by backscattered electron 
imaging. One of the goals of the present study is to 
identify other elements, if any, whose distributions 
within fassaite crystals are affected by sector zoning. 
 Contacts between sectors tend to be straight and 
sharp. The apparent shapes of the sectors are strongly 
dependent upon sectioning. Four triangular sectors 
may be exposed in a near-central plane through a 
crystal, but more commonly, in the plane of the 
section grains may have just one Di-rich and one 
CaTs-rich sector adjacent to each other or one 
enclosed by the other.
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 The results of an electron probe traverse across a 
contact between two sectors of a crystal in Allende 
Type B2 inclusion TS65 are summarized in Figs. 1 
and 2. Note the sharp contrast in the Di and CaTs 
contents of the two sectors and the relative 
uniformity of Ti-component contents in the sectors. 
We looked for, but did not find, sector-related 
differences in the Ti3+/Tim and in the distributions of 
the minor elements V and Sc (Fig. 2). The analytical 
uncertainties by EMP are ± 6% for V and ± 15% for 
Sc, less than the  —20% change in the Di component. 
The absence of sharp changes in  Tim and V contents
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distinguishes sectors from fractionated, late 
overgrowths and from the Ti-, V-enrichment zones, 
or  "spikes" found in fassaite in some Type  Bls [5]. 
 For better precision for Sc (±5-10%) at low 
concentrations and to see if trace element contents of 
Di-rich and CaTs-rich sectors differ systematically, 
we analyzed for Sc, Y, Zr, La and Er by LA-ICP-MS 
in four sector-zoned crystals. Sc is strongly 
compatible in fassaite [2] as is Ti, and although the 
differences in Ti contents between the sectors are 
small, we can expect Sc to be correlated with Ti and 
anticorrelated with the incompatible trace elements. 
We found a range of Sc contents from  < 150 to 1120 
± 100 ppm. The results differ from those expected 
from fractional crystallization in that Ti-, CaTs-rich 
sectors of the grains do not tend to be enriched in Sc 
relative to coexisting Di-rich sectors. Also, in two of 
the grains, the CaTs-rich sectors have Y, Zr, La and 
Er contents greater than or equal to those of the Di-
rich sectors, as in the example shown in Fig. 3, 
possibly reflecting sector-zoning of these elements. 
In the other two grains, however, the Di-rich sectors 
are enriched in Y, La and Er relative to the CaTs-rich 
sectors. Sector-dependent partitioning of elements 
may have been obscured in some cases by the effects 
of fractional crystallization. Detailed traverses by 
LA-ICP-MS across contacts between sectors, rather 
than analysis of several points within sectors, should 
help us resolve the trace element preferences of the 
Di-rich and CaTs-rich sectors. 
Discussion: 
  Studies have shown that within a single crystal, 
different faces can have different effective partition 
coefficients because they expose different sets of 
crystallographic sites to the melt [6], leading to the 
development of sector zoning. The zoning is 
preserved if crystal growth is faster than diffusion. 
Watson and Liang [7] used this constraint o define 
conditions under which sector-zoning would and 
would not be expected. According to their model, a 
crystal should be sector-zoned if its growth rate is 
greater than its internal diffusion rate (D) divided by 
the width of a growth layer (taken to be 10 A). For 
CaTs-Di  (A1A1  <4> MgSi) interdiffusion at 1523 K, 
D= 1.65 x  10-13  cm2  S-1 [8]. This yields a critical 
growth rate of 1.65 x  10-2  pm  s-', or  —  1  gm  min-1. 
This is at the high end of the range found by [9] for 
occurrence of pyroxene as polyhedral (vs. hopper or 
dendritic) grains, and based on their experiments 
would be consistent with formation at —25°C 
supercooling. Sector-zoning was also produced, 
however, in crystals grown at one-tenth this rate, as 
slow as 1.2 x  10-3  gm  s-1 (at 13°C supercooling, or 
 1310°C) [9], conditions under which the model of [7] 
would not allow sector zoning if the rate for CaTs-Di 
diffusion is used. Noting this, it was suggested in [7] 
that interdiffusion rates involved in the coupled 
substituion Ti4+ + 2A13+ •=, Mg 2 +  + 2 Si4+ may be 
significantly lower than those in the Ti-free, CaTs-Di 
system considered by [8]. This is reasonable, as the
T4P-Di exchange involves substitutions among six 
cations, and CaTs-Di exchange involves just four. A 
lower D would decrease the critical growth rate 
required for sector-zoning. 
 Fassaitein Type  B1  s could not have had sector-
zoning that was erased by reheating because any 
event long and hot enough to do so would have 
completely homogenized the grains, and the 
observed core-rim variations would have been lost. 
Assuming that the minimum growth rate for the 
formation of sector-zoned fassaites in Type B2 
inclusions is —0.1-1  gm  min-', we conclude that 
fassaite in Type B2 inclusions grew at least this fast, 
and that in Type  Bls grew more slowly. High degrees 
of supercooling need not be invoked for the 
development of sector zoning, consistent with 
experimental petrologic studies of CAIs [e.g. 10] 
which do not support crystallization of CAIs from 
supercooled melts. The results here are qualitatively 
consistent with faster cooling rates for B2s than for 
 B  1  s, but there are many factors affecting crystal 
growth rates, such as the maximum temperature 
reached (Tmax), time spent at  Tmax, and kinetics, 
which prevent direct inference of cooling rates from 
crystal growth rates.
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MN-CR AGES 
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Introduction: 
   Age determination f angrites is important 1) 
because the angrites LEW 86010 and Angra dos Reis 
are used as an anchor for connecting Pb-Pb absolute 
ages  (4557.8+/-0.5 Ma,[1]) and Mn-Cr ages, 
 (53Mn/55Mn=(1.25+/-0.07)x10-6[2])and 2) magmatic 
activities on achondrite parent bodies are yet poorly 
understood. 
    Recently several new angrites were found. 
53Mn/55Mn ratios of  (2.83+/-0.25)x10-6 and 
 (2.85+1-0.11)x10"6 were reported for D'Orbigny by 
[3 and 4], respectively. A similar Mn-Cr age was 
suggested for Sahara 99555 [3]. Mn-Cr ages 
measured by SIMS for these angrites were also 
reported [5], though the Mn/Cr relative sensitivity 
factor was not well determined. The Pb-Pb age of 
D'Orbigny of  4557+/-1 Ma [6] is younger than that 
expected from the Pb-Pb age of LEW 86010 and the 
Mn-Cr age difference between LEW 86010 and 
D'Orbigny. Therefore, there is slight inconsistency 
between the Mn/Cr and Pb-Pb chronology of 
angrites. 
    Here we report Mn-Cr ages of two angrites 
Asuka 881371 and NWA 1670 measured by SIMS 
and compare them with the previously reported ages 
of D'Orbigny and Sahara 99555 measured with the 
same instrument. 
Samples and Experimental procedures: 
   Asuka 881371 has been described by [7]. 
Petrologically, it is similar to D'Orbigny and Sahara 
99555 and rather different from LEW 86010 or 
Angra dos Reis. NWA 1670 has been described by 
[8]. It contains forsteritic magacrysts. Fe- and 
Ca-rich olivine, characteristic to angrites i found in 
the groundmass. Based on the texture of the 
groundmass, it appears to have cooled much more 
quickly than D'Orbigny. Another petrographic 
difference between NWA 1670 and other angrites i
the presence of numerous cracks in NWA 1670. In 
spite of such differences, these four angrites are 
similar to each other in comparison with LEW 86010 
and Angra dos Reis. The latter two angrites appear to 
have cooled rather slowly. 
   An ion probe  (IMF-6f) at Univ. of Tokyo was 
used for the measurements. An intense  0- primary 
beam was used for sputtering. Secondary ions (52Cr, 
53Cr and Mn) were accelerated with 10 kV. The 
mass resolving power was set to  —4500. Instrumental 
mass fractionation was assumed tobe constant within 
a session. This is because  "Cr cannot be measured 
accurately due to  "Ti interference and hence cannot 
be used for monitoring instrumental effects. Fe- and 
Ca- rich olivine is the main target for Mn/Cr 
measurements. Fe-poor olivine was also measured to 
determine the y-intercept. The Mn/Cr relative 
sensitivity for Fe- and Ca- rich olivine has not been
determined yet. We use a nominal value 
 (Mn+/Cr+)/(Mn/Cr)  = 1.2 which was estimated 
Fe-poor olivine.
of 
for
Results: 
   Mn/Cr ratios up to 55000 were obtained for 
Asuka 881371 whereas the highest ratio was  —3200 
for the NWA 1670. The high ratios for Asuka 881371 
are similar to those observed for D'Orbigny and 
Sahara 99555. The lower Mn/Cr ratios for NWA 
1670 seem to mainly reflect quick cooling of this 
meteorite, though it may partially reflect Cr 
contamination located on numerous cracks. 
   The inferred initial 53Mn/55Mn ratios and  hy 
errors for 4 angrites measured by SIMS are as 
follows. 
   NWA 1670 (2.13  +/-0.32)x10-6 
   Asuka 881371  (1.92+/-0.10)x10-6 
 D  'Orbigny  (2.12+/-0.05)x10-6 
   Sahara 99555  (2.10+/-0.11)x10-6 
The errors do not include the uncertainty of the 
relative sensitivity factor. We emphasize that the 
Mn/Cr relative sensitivity for Fe- and Ca- rich 
olivine has not been measured yet and hence these 
initial ratios cannot be directly compared with those 
reported by [3,4]. (If we use a relative sensitivity of 
 —1.6, then an inferred 53Mn/55Mn ratio  of  2.84x10-6 is
obtained for D'Orbigny.) 
   It is quite obvious that these 4 angrites have 
essentially the same Mn/Cr ages. It is particularly 
important hat the NWA 1670 which has distinct 
petrographic features from the rest, has a Mn-Cr age 
identical with those for the other 3 angrites. 
   According to the cosmic ray exposure ages [9], 
these angrites (no data on NWA 1670) appear to be 
derived from at least two different locations of the 
parent body by different impacts. This suggests that 
the igneous activity that produced these 4 angrites 
was wide-spread on the parent body.
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APPLICATION OF THE FE-,TI-THERMOMETER/OXYBAROMETER TO NAKHLA AND Y000593 
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Indroduction: 
 Nakhla and the new antarctic Nakhlite Y000593 
are igneous rocks rich in augite with minor Fe-rich 
olivine and crystallized intercumulus magma 
(mesostasis). They were interpreted as Martian 
cumulates by several authors (e. g.  [1] - [7] ). "But 
all of the known hypotheses for the formation of 
especially Nakhla involve complex processes, sothat 
Nakhla cannot be treated as a simple, closed-system 
igneous rock." [8]. 
Oxygen fugacity f02 is a key physical parameter, 
which influences the crystallization sequences of
magmas, as well as the composition f the resulting 
minerals. Calculations of  f02 for terrestrial basalts 
have provided insights into the oxidation state of the 
Earth' upper mantle (e. g. [9], [10]). A systematic 
study of Martian basaltic rocks should enable to put 
constraints on the oxidation state of the upper mantle 
of Mars, as well as the processes controlling the f02 
of Martian basaltic rocks. On a planet-wide basis, the 
distribution of elements between the metallic ore 
and the silicate portion of the planet is influenced by 
the f02 at the time of differentiation. Estimations of
f02 and temperature forthe Nakhlites may help to 
constrain thermodynamic parameteres of the 
environment i  which the Nakhlites crystallized. 
Minerology of Nakhla and Y000593: 
 Nakhla and Y000593 are clinopyroxenites with 
coarse-grained elongated shaped augite as the major 
mineral and less abundant Fe-rich olivine. Augite 
mostly shows abundant polysynthetic winning. The 
pyroxene prisms are approximately 0.3 — 2 mm and 
display a preferred alignment. As accessory minerals 
opaque oxides (magnetite with abundant Ti) with — 
100  um grain size with ilmenite xsolution lamellae 
and usually in contact with silicates, occur. 
Mesostasis ncludes radial plagioclase crystals (not 
transformed to maskelynite) and also abundant Ti-
rich small magnetite  of 10  um. The Nakhlites have 
undergone various degrees of late-magmatic and 
subsolidus atomic diffusion  [11]. 
The Fe,Ti-Thermometer/Oxybarometer 
 Titanomagnetite is a solid-solution of magnetite 
 Fe3O4 and ulvospinel  Fe2TiO4, whereas ilmenite is a 
solid solution of hematite  Fe2O3 and ilmenite  FeTiO3. 
Ilmenite usually occurs as trellis lamellae in an 
epitaxial intergrowth with its (0001) planes along the 
(111) octahedral planes of titanomagnetite. The 
Fe,Ti-oxide phases are qualified for the application 
of the Fe,Ti-Geothermometer/Oxybarometer by 
Lindsley/Andersen  [12] and by Ghiorso/Sack  [13] to 
estimate the f02 at the closure temperature of
equilibration of the titanomagnetite-ilmenite pa r. 
The method is based on the Fe and Ti exchange 
between coexisting rhombohedral oxide (ilmenite
solid solution) and spinel (titanomagnetite solid 
solution) pairs, which determines the closure 
temperature. The activities of magnetite in spinel and 
of hematite in ilmenite are used to constrain the f02 
at the respective temperature. The most recent 
versions of this model include  Ghiorso/Sack [13], 
which were developed toaccount for minor-element 
substitution i  the oxides, and the Ca-QUILF model 
of Andersen et al.  [14], which considers equilibria 
between titanoferous magnetite, ilmenite, augite, 
pigeonite, orthopyroxene, olivine and quartz in the 
System  FeO-CaO-MgO-Si02-Ti02. Typically, f02 
determinations aremade using the  Fe3+/Fe2+ ratios of 
these oxides at closure temperatures. For the 
application ofthis Thermometer/Oxybarometer both, 
equilibrium of titanomagnetite and ilmenite and 
precise analyses of the phases are needed. 
Furthermore, the procedure quires intergrowths that 
are large enough to allow clean electron microprobe 
analyses. 
Experimental 
 Two thin sections of the Nakhla and one section of 
the new Y000593 meteorite were screened using 
reflected light microscopy and Field Emission 
Scanning Electron Microscopy (FESEM) in search 
for adequate titanomagnetite-ilmenite grains. All 
chemical analyses were made using the computer 
controlled JEOL Superprobe at the University of 
Cologne operating at 15 kV and 20 nA, using 
wavelength-dispersive pectrometry (WDS). Beam 
diameter was approximately 1  um. Petrologic studies 
in Nakhla revealed the existence of large exolution 
lamellae of ilmenite (see figure 1), whereas in the 
new Yamato meteorite he typically trellis lamellae 
are more difficult to find. Here, the ilmenite 
exsolution lamellae were of a very fine nature and 
only 10  um broad (see figure 2). Nevertheless, the 
chemical analyses were successful and the 
stoichiometry of the phases indicated no analytical 
contamination. This led to an accurate stimate of 
temperature and  f02. 
Results and Implications: 
 The temperature — logfO2 data for the Nakhlites 
Nakhla are: Ghiorso/Sack:  logfO2 = -14.21 and T = 
824 °C, A FMQ = -0.20 and Ca-QUILF:  logf02 =  -
14.49 and T = 795 °C, A FMQ = 0.14 and for the 
new antarctic meteorite Y000593: Ghiorso/Sack: 
 logfO2 = -15.22 and  T  = 811 °C, A FMQ = -0.94; Ca-
QUILF:  logfO2 = -15.19 and T = 790 °C, A FMQ =  -
0.46. The results indicate an f02 near the FMQ buffer 
relevant for most of the terrestrial rocks in the lower 
earth crust (see figure 3). The absolute rror of the 
oxygen fugacity estimates i  ± 0.5 log units. The 
results indicate slight differences in f02 between 
Nakhla nd Y000593. The new Nakhlite may have
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Crystallized under more reducing conditions 
compared with the Nakhla meteorite. Furthermore, 
the summary results in differences of  f02 between 
Nakhla, Y000593 and other SNC meteorites  [15]  -
[20]. These differences may reflect variations in the 
degree of oxidation very early in the history of planet 
Mars.
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MINERALOGY AND Ar-Ar AGE OF THE TARAHUMARA  IIE IRON, 
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Introduction: 
   Silicate inclusions in nine known  IIE irons 
show diversity in mineralogy  (e.g.,[1,2]), and 
Colomera, Kodaikanal, Elga and Miles contain 
alkali-rich silicate inclusions. Bogard et al. [3] 
showed evidence ofa complex parent body evolution 
for  IIE irons based on  39Ar-40Ar ages. Colomera 
contained a sanidine-rich surface inclusion [4] and 
the K-enrichment trends in the Na-rich inclusions 
are different from those of other  IIEs [5]. To 
elucidate the origin of K-rich materials, we studied 
the mineralogy and Ar-Ar age of silicate inclusions 
from the Tarahumara  IIE iron meteorite. 
Samples and Experimental Techniques: 
  A small silicate inclusion was extracted from a 
larger, sawn metal slab of Tarahumara [6], which 
was obtained from the Planetary Materials Database 
collections. Twenty grains of silicate were used to 
prepare a polished grain mount (PGM) and 5.3 mg 
were neutron irradiated to determine the  39Ar-40Ar 
age. The blank and reactor corrections were 
negligible. The irradiation constant (J-value) for 
Tarahumara is 0.02670 ±0.00025 and contributes 
most of the uncertainty to the age. 
   One slice (PD), approximately 1.7 by 1.9 cm 
across, different from the Ar-Ar sample, was 
embedded in a plastic disc and one side was 
polished. Elemental distribution maps of the PD 
and the PGM were obtained with a JEOL 8900 
electron probe microanalyzer (EPMA) at Ocean 
Research Inst. (ORI) of Univ. of Tokyo. Chemical 
compositions of minerals were measured with a 
JEOL JCXA-733 EPMA at ORI. 
Results: 
   The 20 grains studied in the PGM can be 
divided into three types: 1) Na-plagioclase 
inclusions (17); 2) Composite inclusions consisting 
of Cr diopside, Na plagioclase, orthopyroxene, 
chromite, and Ca phosphate (2); and 3) An opaque 
inclusion rich in Ti minerals  (1). One big silicate 
inclusion found in the PD has a shape of two 
combined dumb-bell with a V shape (Fig. 1). In the 
center of the large one (11.4 x 6.1 mm), a core of 
Mg-rich orthopyroxene  (Can  Mg80.1  Fel  6.8 ) is zoned 
toward the rims  (Ca3.5Mg74.5Fe22.o), where 
aggregates of Cr-diopside  (Ca38.9Mg49.1Fei2.o  - 
Ca43.0Mg46.9Feio.1), orthopyroxene and chromite 
grew partly with skeletal shapes in Na plagioclase 
(An3.2  Ab85.40r11.4)• Platy crystals of Ca-phosphates
are distributed along the curved metal-silicate 
boundary. A rectangular Na plagioclase fills the 
small dumbbell (7.1 x 3.6 mm), and K-Si-rich 
glassy materials fill the rounded spherical spaces left 
between the plagioclase and the metal. The glassy 
materials are mostly mixtures of K-rich feldspar 
 (An1mAb69.90r29.1) and silica and the K and Si 
concentrations arethe highest at the margins. 
   Sodium-plagioclase grains in the PGM are 
twinned and the chemical compositions are fairly 
uniform. The composite inclusion, 1.0 x 0.82 mm 
in size is mostly twinned Na plagioclase and 
includes irregular veins of Ca phosphate and Cr-
diopside. Some K-rich regions (bulk comp. 
 An2Ab850r14) arepresent at some parts of the rims 
of the Na plagioclase, where antiperthite xtures 
with lamellae of K-rich feldspar  (An4Ab560r40) 1-2
 pm thick with 4-6  tun intervals in the host 
 (An2Ab930r5). The opaque inclusion, 0.69 x 0.39 
mm in size has orthopyroxene at one edge and the 
region rich in opaque minerals consist of chromite, 
rutile, Mg-rich ilmenite and a pyroxene-like phase 
with Ti in the tetrahedral site. 
   A plot of Ar-Ar ages and K/Ca ratios for the 
stepwise temperature r leases i  shown in Fig. 2. 
During the extraction, Ar was released in distinct 
peaks and the K/Ca ratio decreased bya factor of 18, 
then increased by a factor of  —4. From these 
observations, weconclude that Ar was released from 
Na plagioclase and from K-rich glassy materials 
found around the plagioclase. The first several 
extractions releasing  '-9% of the total 39Ar give 
variable ages, show slightly lower K/Ca, and suggest 
the presence of terrestrial Ar incorporated into 
weathered grain surfaces. 
   Over  —9-98% of the 39Ar elease, 20 extractions 
give a nearly constant age with an average value of 
4,469 ±26 Myr. We will omit from this average two 
extractions releasing  —9-19% of the 39Ar, which may 
have recently ost some  40Ar, one extraction showing 
a low age at  —68% 39Ar elease, and one extraction 
showing a slightly low age and  releasing  —84-98% 
of the 39Ar. With these omissions, 16 extractions 
releasing 63% of the total 39Ar define an Ar-Ar age 
of 4,476 ±18 Myr, which is the  39Ar-40Ar age we 
assign to Tarahumara. 
Discussion: 
   A range of models has been proposed for their 
origin of  IIE irons. One of the authors (H. T.) 
proposed a model, in which partly molten metal and
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crystal mush were mixed by impact on the  IIE 
parent body. Many models involve impact melting 
of the chondritic source material followed by growth 
of diopside and plagioclase [1,2]. Information on 
cooling rates for a sample with known Ar-Ar age 
may help in understanding this problem. 
    Radiometric ages of  IIE meteorites tend to fall 
into one of two groups (Bogard et  al. [3]). Three 
 IIEs, Watson, Kodaikanal, and  Netschaevo, give K-
Ar, Rb-Sr,  and/or Pb-Pb ages of about 3.68 Gyr. 
Four other  IIEs, Colomera, Weekeroo Station, Miles, 
and Techado, give older ages of 4.41-4.51 Gyr, as 
determined by Ar-Ar and Rb-Sr. (Model Sm-Nd 
ages of a few  IIEs gave much younger ages that are 
inconsistent with these other ages.) These ages do 
not seem to correlate with the degree of 
differentiation f the silicate, as both primitive and 
highly differentiated silicate occur in both age 
groups. The Ar-Ar age of 4.476  ±0.018 Gyr 
reported here for Tarahumara is the first age 
reported for this meteorite. It agrees with Ar-Ar 
ages of 4.470 ±0.010 for Colomera, 4.49 ±0.03 Gyr 
for Weekeroo Station, and 4.489  ±0.013 Gyr for 
Techado (see [3]). Rb-Sr ages are similar for 
Colomera (4.51 ±0.04 Gyr) and Weekeroo Station 
(4.39 ±0.07 Gyr). 
   The 36Ar isotopic data for Tarahumara c n also 
be used to estimate its space (cosmic-ray) exposure 
age. The total concentration f 36Ar eleased above 
500°C from Tarahumara is 2.35  x10-8  cm3  STP/g, 
which we assume is entirely cosmogenic n origin. 
The production rate of cosmogenic 36Ar depends on 
sample composition and shielding. The latter is 
unknown and the former can only be estimated (see 
discussion i [3]). Major element compositional data 
for the PGM may be essentially Na plagioclase with 
additional minor  MgO and  FeO, because 17 grains 
out of total 20 are Na plagioclase. Hohenberg etal. 
[7] estimated the ratio of the 36Ar production rate 
from K to that from Ca to be 1.4-1.5 over a very 
wide range of shielding. If we use our measured K 
and Ca abundances in Tarahumara (1.8% each), 
ignore any contribution from iron-group elements, 
and the composition-dependant production rate 
equations ofEugster and Michel [8], we estimate a 
cosmogenic 36Ar production rate of 5.7  x10-1° cm3/g. 
When combined with our estimate of cosmogenic 
36Ar concentration
, we estimate a space exposure 
age for Tarahumara of —41 Myr. This age lies 
within the broad range of estimated exposure ages 
for other  IIE silicates (-4-400 Myr; [3]). 
   Although the sanidine-rich material as in 
Colomera has not been found in Tarahumara, K-rich 
granitic materials with mixtures of antiperthite and 
tridymite as were reported for Miles [2] and Watson 
[9] were found as rims of a Na plagioclase. 
Segregation f K-rich materials in Colomera may be 
attributed to this difference. The presence of
 W 
 0 
0:4
antiperthite at the rims of Na plagioclase implies 
slow cooling below ca 600°C and may be in line 
with slow cooling suggested by the relatively young 
Ar-Ar age. 
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Fig. 1. Si distribution map of the Tarahumara PD. 
  K: K-,Si-rich rims around Na plagioclase (Ab)
R  C.) sY
Fig. 2. A plot of Ar-Ar ages and  1{/Ca ratios for the 
stepwise temperature releases.
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Introduction: 
   Metallic iron is one of the most important 
constituents of planets and meteorites, and it isotopic 
homogeneity in meteorites and terrestrial rocks 
suggests that it was formed through condensation 
from the solar nebula gas. Metallic iron should also 
be present in astrophysical environments in the form 
of dust around evolved and young stars, but 
observation has not yet been successful in identifying 
them. Although astrophysical occurrence is not 
unclear, they are present in a great abundance in the 
solar system, and therefore, it is worth studying the 
origin of metallic iron in the solar nebula. In order to 
know the condensation rate and its microscopic 
processes with special interest to pressure, 
temperature and gas composition, experimental 
condensation of metallic iron was carried out.
Method: 
   There is a great difficulty in carrying out 
experiments in the temperature-pressure conditions 
similar to he solar nebula. In the experiments 
reported here, we concentrate on growth of Fe on 
substrates and nucleation of metal in gas is ignored. 
We evaporated solid  Fe2O3 by heating and made 
them condense again on two different types of 
substrates, molybdenum and forsterite in a vacuum 
chamber. A vacuum chamber was continuously 
evacuated by a turbo-molecular pump, and the total 
pressure inside the chamber during experiments is 
from  —10-m to  —10-8 bar. Temperature of the 
evaporation point is 1,350 °C and about 580 °C at the 
condensation point. The duration of heating ranged 
from 1 to 48 hours. 
   The heater is made from tungsten, which is built 
in the center of the chamber, and concentric 
insulators of cylindrical tungsten and molybdenum 
surround the heater to prevent he chamber from high 
temperature radiation directly from the heater. The 
source of Fe gas is hematite  (Fe2O3) powder, which 
is kept in two graphite capsules and held in the center 
of the heater. There are some holes penetrating the 
insulators, through which gas atoms go through the 
reflectors to lower temperature portion of the 
camber. 
   A substrate of tungsten plate on which 
evaporated gas atoms condense is set at the location 
of one of the holes. The size of the substrate is larger 
than that of the area of the hole. A schematic 
illustration of the chamber and the sample is shown 
in Fig. 1. A small piece of forsterite (about 5 mm 
rectangle) is tied at the center of the molybdenum 
substrate in order to examine the effect of the 
difference in the substrate materials (Fig. 2).
      Turbo moleculer
Fig. 1 Schematic illustration to show the vacuum 
 condensation target is  set outside of  the  reflector.
Mo plate
Fo fragment
pump
furnace. A
Fig. 2 A condensation target recovered after the experiment. A 
particle at the center is forsterite and the metal plate is 
molybdenum. The area whose color changed corresponds to the 
size of the hole, from which gas escaped out.
  After experiments, retrieved substrate is 
examined with FE-SEM for images, EDS and EBSD 
for composition and crystallinity of condensates.
Result: 
   In all experiments, the quantity of condensates 
and the decrease of the source are proportional to the 
experimental duration. The composition of the 
condensates are mainly iron and no oxygen is 
detected. In addition to metallic iron, small quantity 
of tungsten from the heater was  contaminated„ which 
largely affected the experimental  resits. 
   The condensates on two kinds of substrates 
completely differ from each other in their 
morphology. On the substrate of forsterite, granular 
condensates are seen in short duration experiments 
up to 6 hours, and they grow blocky crystal in longer 
durations (Fig. 3). These crystals are confirmed as 
iron crystals. The sizes of such crystals seem to reach 
the limit from the duration of 24 hours to 48 hours. 
On the other hand, no such massive crystals of iron is
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seen on the substrate of molybdenum. The 
morphology of condensates is whisker, and they 
grow their length and thickness according to the 
duration of experiments (Fig. 4). These whiskers are 
not iron crystals. From the composition of them, the 
whiskers are estimated to be Fe2W.
two substances has not been evaluated yet, the 
difference of temperature of substrates is likely to 
cause the difference of the morphology of the 
condensates. Whether Fe or Fe2W whisker grow 
more rapidly at a certain temperature would be 
related to the temperature. 
   In the space, because iron is not the most 
refractory element, when iron condense into solid as 
the temperature of the region at which iron still exist 
in gas phase goes cooler gradually, there should be 
already some solid grains condensed in advance in 
the circumstance. But such pre-condensed solids may 
vary their surface temperature because of the 
efficiency of absorption of the radiation from the 
central star caused by the difference of each solid's 
optical properties. Therefore there is the possibility 
that the solid iron components simultaneously 
condensed varies its morphology or the kind of 
compounds or crystals according to on what kind of 
material it condenses. On the contrary, the same iron 
solid components may condense around different 
materials at the times when the mean temperature of 
the region is relatively hot and cool, therefore former 
and later respectively.
Fig. 4 
  The condensates on the molybdenum of 24hours 
experiment
Discussion: 
   In this experiment, atoms do not nucleate within 
gas, that is heterogeneous nucleation takes place, we 
can interpret that they are analogues of the 
phenomena of dust particle growth. Since any oxide 
does not exist in the condensates probably because 
the existence of graphite in the source area, oxygen is 
estimated to be totally evacuated away. 
   The critical implication of this experiment is the 
difference in the morphology of condensates between 
forsterite and molybdenum substrates. The two kinds 
of substrates do not seem to affect the difference in 
condensation because the morphology of condensates 
still differ after the condensates layer reach a certain 
thickness. At the point of condensation, as the 
radiation directly from the heater reaches the 
substrates, the optical property of the substrates such 
as opacity or reflectance is significant to control the 
temperature of the substrates. Although the 
effectivness of absorption and the radiation for the
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Introduction Extraterrestrial microparticles 
collected from the Earth's environments (micro 
meteorites: MMs) have been studied for more than a 
century. Most of them suffered melting during 
Atmospheric entry and weathering after the settling. 
Recently, mass collections of the less affected 
particles have been carried out from the Stratosphere 
 [1] and the Polar ice and  snow.[2], and the difference 
 and/or resemblance b tween the MMs have been 
discussed [3]. Since 1996, the Japanese Antarcic 
Research Expedition (JARE) team has started to 
collect MM samples, and the investigation f which 
has also bloomed [4]. Not only chemical data but 
also mineralogical, petrological, and isotopic data 
sets of the same sample are essential to discuss its 
nature and origin. Instrumental neutron activation 
analysis (INAA) is a nondestructive and highly 
sensitive technique among quantitative analyses for 
many elements. More than 20 elemental bundances 
will be able to be determined for a  p.g-size of sample 
by INAA, however, there are many problems hard to 
perform on the sample due to so tiny of its size (e.g., 
rapid and easy handling of samples, homogeneity of 
standard samples, difference of geometry between 
                         Table 1. INAAResultsofUninaltad
Sample F9TAG008 F97AG013 K5100027 
weight pg 1.9 0.25 1.7 
elements
Na 
Mg 
Al 
Ca 
Sc 
V 
Cr 
Mn 
Fe 
Co 
La 
 Co 
Sm 
Eu 
 DY 
Yb 
Lu 
Au 
Ir 
Os
ppm 
ppm 
ppm 
 ppm 
 ppm 
ppm 
ppm 
ppm 
ppm 
ppm 
ppm 
ppm 
ppb 
ppb
15.2 
1.54 
3.27 
15.1
89.5 
4370 
0.279 
26.2 
531 
(1.42)' 
 4.9 
0.320
0.155 
0.048 
0.080 
5.21 
3.19
       0.45 
42.4 16.4 
5.85 2.17 
1.50 1.94 
0.358 8.31
317 
835 
1.16 
4.50 
76.0 
1.03 
 5.3
 0.018 
0.166
101 
4090 
0.290 
30.3 
416 
0.860 
 3.0 
0.231 
0.195
(0.143)' 
0.045 
0.060 
 9.08 
 5.86
samples and standards, etc.). We reporthere the 
chemical composition of individual Antarctic MMs 
revealed by INAA.
Samples and Experimental MMs studied here 
were 13 particles(:F97AG008, -013, -016, K5100027, 
-30, -31, -33, -35, -40, -41, -42, -43, and -44) 
provided by National Institute for Polar Research 
(NIPR). Back scatter electron images (BEIs) and 
energy dispersive X-ray spectra of the individual 
samples were examinedfirstly at Ibaraki University 
(T. N.) and Yamagata University (Y.S.), respectively. 
    INAA were performed on the individual  MMs 
using tiny chips of JB-1 glass, Al-Au wire 
(IRMM-530), and Pt wire (SRM-680a) as the 
standards. to determine lithophile elements, Au, and 
Ir (Os), respectively.
INAA for short half life nuclides: Each of the MMs 
and the standards was irradiated by neutron for 5  min 
at 20 MW (@ 2x  1  013 neutrons/cm2/sec) in the 
pneumatic pipe (PN-3) of the reactor JRR-3, the 
Japan Atomic Energy Research Institute (JAERI).
 NAAResults of Unmelted Antarctic  Micromet 
K5100030  K5100031 K5100033 K5100035 K5100040 K5100041 
 3.8 6.8 4.8 2.1 1.2 1.2
0.42 
15.5 
0.93 
1.87 
14.0 
0.28 
131 
6480 
0.364 
10.9 
15.3
9.1
 (6.6)1
0.032
29.8' 
11.5'
0.45 
7.70 
1.98 
5.38 
31.8 
0.21 
64.4 
3710 
0.196 
26.8 
162 
 0.591 
 4.2 
0.689 
0.248 
(2.1)' 
0.383 
0.113 
0.106 
21.3 
8.74
1.22 
15.6 
1.18 
4.71 
8.64
0.58 
10.9 
1.60 
1.90 
10.7
75.0 99.1 
3410 4260 
0.364 0.206 
16.9 27.8 
107 293 
0.326 0.428 
2.5 3.9 
0.156 0.227 
0.15 0.198
0.130 0.133 
0.030 0.033 
0.049 0.105 
2.37 9.14 
       2.99
0.50 
 9.47 
2.08
10.9
104 
4070 
0.230 
24.9 
175 
(1.04)' 
 6.1 
 0.415 
 0.214
 0.031 
0.047 
5.74 
1.69
0.77 
11.3 
2.07
 16.4
123 
4060 
0.106 
42.4 
336 
2.19 
 5.3 
0.386
 K5100042 K5100043  K5100044  JB-1  11611-530  3161-6301 
 1.5 3.7 2.4 55.3  129.9 883.7
0.69 
14.8 
2.09 
2.11 
14.6
101 
5570 
 0.281 
33.2 
471 
0.642
 0.358 
0.220
0.288 0.198 
0.063 0.090 
0.184 0.448 
9.44 11.25 
3.90 3.89
0.01 
20.2 
0.047
2.40
10.3 
778 
 0.331 
18.3 
17.4
3.3
0.029
0.23 
9.42 
1.17
3.82
74.9 
1750 
0.166 
9.57 
147 
1.06 
 1.8 
0.067
0.012 
0.106 
3.56 
1.14
[2.07] 
[4.67] 
[7.69] 99.89 
[6.60] 
[28.9] 
[1.00] 
[212] 
[414] 
[0.124] 
[6.30] 
[39.1] 
[38.8] 
 [63] 
[5.02] 
[1.59] 
[4.20] 
[2.40] 
[0.370] 
     [1000]
[10]
Elements except  Au,  Ir, Os were determined by  JB-  Au and  Irwere determined by  IRMM-530 and  SRM-680a. respectively.  +:Os were 
estimated by using ratios of neutron activation cross sections for  Ir31(n.?)lri92 and  Osnn,?)0s191, and isotopic abundances of the respective 
elements for K5100030. firstly. #: experimental errors larger than 50%.
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The first counts were done for 400 sec, after 2  — 10 
 min cooling using a  Y-ray counting facility at 
JRR-3M, JAERI. The second counts were done for 
1000 sec at 1 — 6 hr after the first counts using a 
facility at the 
Inter —University Laboratory for the Joint Use of 
JAERI Facilities, research Center for Nuclear 
Science and Technology (RCNST), University of 
Tokyo. Al, V, Ti, Ca, Mg, Dy, Mn, K, and Na should 
be  determined. 
INAA for long half-life nuclides: The samples and 
standards were activated again together with thermal 
neutrons for 98 hr at 20 MW  (lx  1014  neutrons/ 
 cm2/  s  e  c  ) in the  HR-1 of the JRR-3M. They were 
counted repeatingly in accordance with their 
half-lives and activities, todetermine (Na, K), Cr, Fe, 
Sc, rare earth elements (REEs), siderophile elements 
(SPEs), etc., using  Y-ray counting facilities of the
Aoyama Gakuin University. Countig durations and 
cooling times were about for 2  — 12 hr after 4  — 8 
days, for 6  — 24 hr after 2  —3 weeks, 1 day — 1 week 
after more than 1 month, respectively. 
Results are listed in Table 1 and shown in Figure as 
below, which are indicating chondritic features of 
MMs analysed here 
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Introduction: 
   The degrees of metamorphism of ordinary 
chondrites  (OCs) are variable, reflecting individual 
thermal histories on their parent bodies. Based on 
chemical and petrologic haracteristics, OCs have 
generally been classified into types 3 to 6  [1]. The 
thermal structure of the OC parent bodies (i.e., the 
geological setting of each petrologic type of OCs) is 
not well known, because metamorphic degree 
depends not only on metamorphic temperature but 
also on duration of metamorphism. Detailed study 
of thermal history is necessary for elucidating the 
thermal structure of the OC parent body. If the 
53Mn-53Cr  (t12 = 3.7 Myr) system is applicable to 
OCs, we can constrain the duration of thermal 
metamorphism of these meteoritic materials [2,3]. 
Because many chondrites are brecciated, in-situ 
analysis by ion-microprobe is useful for comparison 
of the isotopic and petrographic characteristics. We 
performed isotopic analyses of52Cr, 53Cr and 55Mn in 
olivines in equilibrated L chondrites, as well as 
olivine-spinel (ol-sp) geothermometry and 
metallographic cooling rate stimates [4,5].
Samples and Experiments: 
   Polished thin-sections of unbrecciated L 
chondrites (type 3 to 6) were examined using an 
electron probe microanalyzer (JEOL JXM-8800). 
Electron probe analysis was carried out at an 
accelerating voltage of 15 kV with a beam current of 
30 nA. Counting time was  3090 sec for each 
element. Potted-butt samples of L-chondrites 
buried in epoxy were examined using a secondary 
ion microprobe analyzer (ASI SHRIMP II). A 
primary  02 beam was generated with an accelerating 
voltage of 10 kV with and a beam current  of  —1.8 nA. 
The diameter of the primary beam was 30  gm spot. 
A secondary beam was accelerated by 10 kV and 
collected with slight energy-filtering and 180  inn 
mass-slit to attain the mass resolution of M/AM 
3200.
Cooling rates: 
   The calculated  ol-sp temperatures of L3-6 
chondrites how no relationship with petrologic types 
(Fig. 1). Most of the samples exhibit similar 
temperatures ranging from  —600 °C to  — 700 °C. 
 Y-86753 (L5) exhibits a higher  ol-sp temperature, 
indicating that Fe-Mg exchange between coexisting 
olivine and spinel was closed at a higher temperature. 
Thus  Y-86753 might have cooled faster than the 
other samples. Metallographic cooling rates of 
L4-6 chondrites range from < 0.1  °C/Myr to  — 1000
0 0 
 a) a
. 
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800
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Fig. 1
°C/Myr and also show no relationship with petrologic 
types (Fig. 2). Metallographic cooling rates seem to 
be more sensitive than  ol-sp temperatures at the 
range of cooling rates of  — 0.1 °C/Myr to  — 100 
°C/Myr. The fact that Y-86753 exhibits the fastest 
metallographic ooling rate is consistent with the 
results of the  ol-sp geothermometry. 
   If the OC parent body was heated by internal 
heat sources (e.g., decay of 26A1 [6]), it should 
initially have had an onion-shell structure, in which 
metamorphism increased with burial depth. Time 
scale of thermal metamorphism and cooling rates of 
OCs should then correlate with petrologic types. 
The Pb-Pb and  39Ar-40Ar ages, and 244Pu fission-track 
thermochronology of some H chondrites are 
consistent with the onion-shell model [7,8].
50
Ni 
(wt%) 30
 10
1 10 
 Apparent distance to edge (pm)
100
Fig. 2. Metallographic cooling rate of equilibrated 
OCs
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However, in the case of L chondrites, there is no 
relationship between cooling rates and petrologic 
types (Fig. 1,2). The fact that Pb-Pb ages of L 
chondrites have no correlation with petrologic types, 
is consistent with our results [9]. If there is any 
disturbance of parent body structure, cooling 
histories of OCs could have been different from 
those predicted by the onion-shell model. The 
parent bodies of L chondrites could have experienced 
disruptive collision during thermal metamorphism 
 [10]. In this case, some source materials of OCs 
could have been excavated from the hot interior and 
cooled rapidly. The rapid cooling rate calculated 
for  Y-86753 may be evidence for disruptive collision 
during thermal metamorphism of the L chondrite 
parent body. 
53Mn-53Cr systematics: 
   The ion-microprobe analysis revealed that some 
olivines in  Bjurbole (L4) had Mn/Cr ratios more than 
—500 (Fig. 3). The high Mn/Cr ratio of olivine 
would make 53Mn-53Cr dating possible in 
equilibrated L chondrites. Although there are not 
enough available data to calculate the 53Mn-53Cr age, 
there is a detectable c(53Cr) excess in  Bjurbole 
olivines. 
   The differences of Cr abundances between 
unequilibrated and equilibrated L chondrites uggest 
that Cr in olivines could have been open system 
during thermal metamorphism  [11]. Thus the 
isotopic characteristics of Cr in olivines may 
represent hose during post-metamorphic cooling. 
The 53Mn-53Cr ages of meteoritic materials uggest 
that the formation of OC chondrules predated LEW 
86010 formation by 10 Myr [3]. If a parent body of 
—100km size was heated by the decay of 26A1, the 
time scale of thermal metamorphism would have 
been  —10 Myr for type 3-5 chondrites and —100 Myr 
for type 6 chondrites [12]. If this was the case, the 
53Cr excess would be detectable only when the 
thermal metamorphism occurred at a very early stage
in the solar system or when the parent body 
experienced isruptive collision. 
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Fig. 3.  53Mn-53Cr systematics of  Bjurb8le olivines. 
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Introduction: 
   3-D structures of chondrules have been studied 
using X-ray  microtomography  [1]. It has been 
proposed from their external shapes and internal 
structures on the distribution of metal/sulfide grains 
and voids that chondrules were rotated at high speed 
(about 100-500 rps) during melting. Cosmic 
spherules are another type of silicate spherules of 
extraterrestrial origins. We examined their 3-D 
structures and compared them with those of 
chondrules.
compound spherule consisting of parts with similar 
compositions. 
   KW540302 has a porphyritic texture in the CT 
image  (Fig.1c). Many vesicles are also seen. Bright 
objects should be mixtures of fine magnetite and 
silicates if we consider the CT values of this objects 
and possible mineralogy of cosmic spherules. These 
objects concentrate to a side of the spherule and 
some of them are on the surface. This may indicate 
that oxidation occurred preferentially on this side 
during entry to the Earth's atmosphere.
Experiments: 
   Three cosmic spherules collected from 
Antarctica (KW54094, 540100 and 540302: 60-120 
 [tin in diameters) were imaged with an X-ray 
microtomographic system  (SP-IXT) at beamline 
BL47XU in SPring-8. Each sample was held on a 
fine glass fiber (about 5  pm in diameter) with a 
glycol phthalate. The photon energy was 10 keV for 
the imaging. Cross-sectional CT images are 
reconstructed from sets of 750 X-ray projection 
images with a convolution back projection algorithm. 
The voxel (pixel in 3-D) size of the CT image is 
0.5x0.5x0.5  j_tm3 with the effective spatial resolution 
of about 1.5  [tm [2]. 3-D structures were 
reconstructed from 160-280 slices. 
   After the imaging, two samples (KW54094, 
540100) were cut and polished sections were made. 
They were observed under an SEM and analyzed 
with an EMPA (JEOL JXA8800M of NIPR: 15 kV, 
10 nA and beam diameter of 5  pm).
Results: 
   We cannot observe any structures inside of 
KW54094 in the CT image  (Fig.  1  a). A slightly dark 
region near the surface (dark rim) is an artifact 
probably due to the scattering of an X-ray beam. Fine 
structures below the CT spatial resolution are seen in 
the BSE image (Fig.2a), where bright fine particles 
may be magnetite. The average composition is 
chondritic. 
 KW540100 has two regions with slightly 
different brightness in the CT image (regions-A and 
—B in Fig.lb). A dark rim is also seen. The two 
regions have different textures in the BSE image 
(Fig.2b), but the chemical compositions are almost 
similar and chondritic. This sample might be a
Figure 1. Examples of CT slice images. (a) 
KW54094. (b) KW540100. (c) KW540302. The 
scale bar of 50  i_tm and the gray scale for CT values 
are common to all. Bright objects have larger CT 
values, which is proportional to linear attenuation 
coefficients of materials [3] and vise versa.
(a)
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Figure 2. 
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   Bird's-eye view pictures of the spherules 
constructed from the 3-D images are shown in Figure 
3. KW54094 and KW540302 are prolate and oblate, 
respectively. Compound feature is seen in 
 KW540100. The radii of the major, intermediate and 
minor axes of the spherules (A, B and C,
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respectively) were obtained by approximation as 
three-axial ellipsoids. The axial ratios of the prolate 
and oblate spherules fall onto the regions for 
chondrules  [1] (Fig.4): the prolate spherule on the 
region for prolate chondrules with the aspect ratio, 
p(=C/A), of less than 0.8 and the oblate one on that 
for chondrules with p>0.8, respectively. The present 
results suggest that the external shapes of the 
spherules have common or similar features as those 
of chondrules although the number of the sample 
examined in this study is limited.
Figure 3. 3-D images showing the external shapes. 
(a) KW54090  (prolate). (b) KW540100 (compound). 
(c) KW540302 (oblate).
Discussion: 
   The chondrule shape feature can be explained 
by high-speed rotation during melting  [1]. A melt 
droplet becomes oblate by rotation. If rotation rate 
exceeds a critical value, the shape instability occurs 
and the melt might become prolate. The rotation rate 
can be estimated by a balance between the 
centrifugal force and the surface tension of a melt. If 
the cosmic spheres were also rotating during melting, 
the rotation rate for the oblate spherule should be 
about 1000 rps or more. 
   Cosmic spheres are formed by shock melting 
during their entry into the Earth's atmosphere. The 
shock melting model has been also proposed for the 
chondrule formation (e.g., [4]). The common or 
similar shape features of spherules and chondrules 
may suggest heir common formation origin. If this is 
the case, the both types of spherules, cosmic 
spherules and chondrules, might be formed by shock 
melting but the different redox conditions give their 
different mineralogies. More cosmic spherules with 
different sizes should be examined for further study.
cia 
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Figure 4. Spherule shapes approximated as 
three-axial ellipsoids with the axial radii of A, B and 
C  (A>B>C). The aspect ratio, p=C/A, and the degree 
of oblate or prolate shape  (log(n)---*00 and  -co for 
oblate and prolate shapes, respectively:  C/B=(B/A)n) 
are shown. Data for chondrules of the Allende 
meteorite (CV3) [1] are also shown as open symbols.
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Introduction: 
 The Yamato 000593/749/802 meteorites were 
recently identified as paired nakhlites [1,2]. These 
new finds, along with the recent findings of two other 
nakhlites (NWA 817 and NWA 998) from the 
Saharan desert [3,4], have doubled the number of 
martian pyroxenites available for study. Previously 
known nakhlites (Nakhla, Governador Valadares and 
Lafayette) are virtually identical in terms of their 
petrologic and geochemical characteristics (e.g., [5, 
6]) and, thus, constraints on the petrogenesis of new 
and potentially diverse members of the nakhlite class 
are anticipated to provide new insights into the 
magmatic history of Mars. In earlier reports, we 
presented our preliminary results of trace and minor 
element abundances in minerals of these newest 
members of the nakhlite class [7,8]. Here we present 
in more detail the results of our analyses of trace and 
minor element distributions in various phases (i.e., 
augite, olivine, plagioclase, glassy mesostasis, 
 chlorapatite, and glassy magmatic inclusions in 
olivine) in the paired Yamato 000593 (hereafter 
Y000593) and Yamato 000749 (hereafter Y000749) 
nakhlites. On the basis of these results, comparisons 
are made with the other known nakhlites and 
inferences are drawn regarding the petrogenesis of 
these samples on Mars. 
Analytical Techniques: 
  Polished thin sections of Y000593 and Y000749 
were characterized with the University of Chicago 
JEOL  JEM-5800LV scanning electron microprobe. 
Subsequently, the concentrations of selected trace 
and minor elements (including the rare earths) were 
measured in individual minerals using the 
Washington University modified Cameca IMS-3f ion 
microprobe. 
Results and Discussion: 
  As is the case for all martian meteorites, 
phosphates are the most REE-rich phase in 
Y0000593/749. Chlorapatites in Y000593/749 have 
a LREE-rich pattern, although the degree of LREE-
enrichment (La —700-800 x CI; chondrite normalized 
La/Yb —15) is not as pronounced as that shown by 
apatites in other nakhlites (Fig. 1). The glassy 
mesostasis is the next most REE-rich phase; 
however, the degree of LREE enrichment in this 
phase is significantly variable (La —20-40 x CI; 
chondrite normalized La/Yb —5-15). A glassy 
magmatic inclusion in an olivine of Y000749 has a 
REE pattern that is strikingly similar to that of the 
whole rock (Fig.  1). This indicates that  (1) the 
Y000593/749 parent magma was LREE-enriched and 
had a REE pattern similar to the whole rock and (2)
following crystal accumulation, the petrogenesis of 
these pyroxenites was dominated by closed system 
fractional crystallization. Similar parent magma 
characteristics and petrogenetic histories have been 
suggested for the other nakhlites based on their trace 
and minor element microdistributions [6,7,8]. 
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Figure  1. Representative REE abundances in apatite, glassy 
mesostasis and glassy magmatic inclusion in olivine of 
Y000593/749 (this work). For comparison, REE abundances in 
apatites of Nakhla [6] and NWA 998 [8], and mesostasis of NWA 
817 [7] are also shown. Solid line shows whole rock REE 
concentrations in Y000593 [12]; dashed line illustrates calculated 
REE abundances in the Y000573 whole rock (see text for details). 
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Figure 2. Representative REE abundances in plagioclases and 
olivines ofY000593. Data for Nakhla [6] and NWA 998 [8] are 
also shown for comparison. Downward pointing arrows indicate 
upper limits. 
 REE abundances and patterns in plagioclase of 
Y000593/749 (La  —6-13xCI;  Eu/Eu* —5) differ 
significantly from those in other nakhlites (Fig. 2).
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Olivines in  Y000593/749 are characterized by 
HREE-enriched patterns (Fig. 2); the upturn in the 
LREE pattern may be due to addition of LREE 
during terrestrial lteration. 
  Augites of  Y00593/749 have the concave-
downward REE patterns characteristic of high-Ca 
pyroxenes in the nakhlites (Fig. 3). However, an 
unusual feature of the Y000593/749 augites 
compared to augites in the other nakhlites is the 
presence of Ce anomalies. Of the 12 spot analyses 
(made on four augite grains) in Y000593/749, 8 (on 
two of the augites) show positive and variable Ce 
anomalies  (Ce/Ce*_ 2-9). Previous investigations 
have shown that Ce anomalies in minerals of 
Antarctic meteorites are likely to be the result of 
oxidation of  Ce3+ to  Ce4+ and subsequent 
mobilization of the other REE through microcrack 
networks in these meteorites during weathering 
processes in the Antarctic [9].
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Figure 3. Range of REE abundances and patterns in augites 
of Y000593 (solid circles) and Y000749 (open circles). 
Representative REE concentrations i  Nakhla augite [6] 
are shown for comparison. 
  As is the case for the previously studied nakhlites 
[6,7,8], augites in Y000593/749 are extensively 
zoned in their trace and minor element 
concentrations. Additionally, as can be seen in the 
plot of Y versus Ti abundances (Fig. 4), augites of 
 Y000593/749 fall along the same trend as that 
defined by augites of other nakhlites. However, the 
ranges of trace and minor element compositions in 
each nakhlite are somewhat different. In particular, 
among all the nakhlites, augites of  Y000593/749 
have some of the lowest incompatible element 
abundances, whereas those of  NWA 817 have the 
highest concentrations of such elements (Fig. 4). 
This suggests that the Y000593/749 parent melt had 
the least evolved composition among the nakhlite 
parent melts. 
 Assuming modal abundances for various phases in 
Y000593/749 in the range of those reported by 
 [10,11], and using representative REE abundances
measured by us in these phases, we have calculated 
REE concentrations i  the whole rock (dashed line in 
Fig. 1). These calculated values are within the range 
of those measured in the Y000593/749 whole rock 
[12,13]. Although chlorapatite is only a minor phase 
 (1%) and the glassy mesostasis composes —5-10% 
of Y000593/749, these two phases together account 
for  —90% of the LREE in the whole rock (-60-70% 
in apatite, —20-30% in mesostasis). However, these 
two phases account for only —40-50% of the HREE, 
with the remainder being located mostly in the 
augite.
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Figure 4. Y versus Ticoncentrations in augites ofY000593 (solid 
circles), Y000749 (open circles). Also shown are data for augites 
in NWA 817 [7] and NWA 998 [8]. Range of compositions n 
augites of non-desert nakhlites [6]are shown as the shaded area. 
Conclusions: 
  Along with the petrologic differences (particularly 
in mesostasis abundance) that are evident among the 
newest members of the nakhlite class (i.e., 
Y000593/749, NWA 817 and NWA 998), there is also 
diversity in the abundances of trace and minor 
elements in minerals of these meteorites. Despite 
these differences, however, it is clear that all the 
nakhlites originated from LREE-enriched parent 
melts, and following crystal accumulation, 
underwent closed system fractional crystallization. 
Their petrologic diversity and range of trace and 
minor element microdistributions may be explained 
by their crystallization at different depths within a 
single lithologic unit on Mars. 
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                                        plotted near the origin of Fig. 2. This can be
  Introduction: Recent works suggest that 
unmelted, phillosilicate-bearing micrometeorites and 
hydrous interplanetary dust particles (IDPs) collected 
at stratosphere ar  related to hydrated carbonaceous 
chondrites [1, 2], which are supposed tobe derived 
from C-, P-, D-, or  T-type asteroids [3, 4]. 
Anhydrous interplanetary dust particles (IDPs) are 
supposed tobe cometary origin because of their high 
 D/H ratios and characteristic mineralogy that are 
distinct from any meteorites [5]. It is difficult to 
clarify precursor materials ofmelted cosmic spherule, 
because of loss of their original mineralogy due to 
severe heating during atmospheric entry. In this 
case, oxygen isotopic signature is useful for 
discussion of their precursors, because it is distinct 
for each type of planetary materials [6]. 
  Here, we analyzed oxygen isotopes of individual 
49 cosmic spherules with an ion probe. They were 
firstly analyzed with an electron microprobe JEOL 
JXA8800M at NIPR for bulk chemical compositions, 
using  5pm defocused lectron beam. Then, oxygen 
isotope analyses were performed by ion probe 
CAMECA IMS6F at Kyushu Univ. Analytical 
conditions are basically the same as [7]. 
  Results and discussion: Oxygen isotopic 
compositions of Antarctic cosmic spherules are 
shown in Fig.  1. Compared tothe previous work for 
oxygen isotope compositions of spherules, the 
average ofsilicate spherules overlap almost the result 
of [8]. Here, we group them into "close to 
terrestrial fractionation line (TFL)" type, 
"carbonaceous chondrite anhydrous mineral 
(CCAM)" type and  "170-rich" type. 
  About 3/4 of silicate spherules are plotted on or 
close to the TFL on which almost all terrestrial 
materials are plotted. Compared to previous work, 
four silicate spherules reported in Engrand et al. 
might be grouped here [9].  Mg/Al versus  Si/Al plot 
of the silicate spherules are shown in Fig. 2. In this 
figure, more than two thirds of these spherules are 
plotted around the cosmic abundance, which means 
that they are originally homogeneous chondritic 
aggregates, which is consistent with their precursors 
as both hydrous micrometeorites and IDPs, and 
anhydrous IDPs. Most of these spherules don't 
show Ca depletion, which is same tendency with 
anhydrous IDPs and different from hydrous 
micrometeorites and IDPs. On the contrary, the 
spherules whose  Si/Al and  Mg/Al values are over 50 
are supposed to be mineral fragments of olivines 
and/or pyroxenes, for their low Al contents (<1 wt% 
as  A1203). And a few spherules close to TFL are
interpreted as a result of evaporation from the 
material of cosmic abundance. 
 —20% of the spherules are distributed clearly 
below the TFL and along the CCAM line. 
Compared to previous work, one spherule reported in 
Engrand et al. might be grouped here [9]. In Fig. 2, 
one of them is close to the origin. This means that 
bulk composition is plotted the area of  CAI, and that 
is consistent with its 160-rich oxygen isotopic 
composition. Three of them are close to the cosmic 
abundance and five of them are plotted higher than 
the cosmic abundance. The latter five spherules are 
consistent with their precursors as  160-rich silicate 
mineral grains such as amoeboid olivine aggregates 
 [10]. The former three spherules have same 
tendency with anhydrous IDPs in  Mg/A1 and  Si/A1 
ratio. Engrand et al. reported one of two GEMS in 
anhydrous IDPs shows  160-rich composition by ion 
probe analysis  [11], thus the precursors of these 
spherules might be anhydrous IDPs including such 
 60-rich GEMS. 
  Three spherules plotted clearly above the TFL is 
 "170-rich" type. This type of spherules has never 
been reported before. Two of them have  A170 of 
4 %o, which indicates that they would originate from 
parent bodies of R chondrites, although the 
abundance of R chondrites is extremely low among 
meteorites found on Earth  [12]. The rest one has 
extraordinary large  170 anomaly, up to  A170=13%0 
(Fig. 3). This A'70 is the highest value among solid 
planetary materials ever reported, except for presolar 
grains [13]. One interpretation is that the spherule's 
precursor is a chip of chondritic planetary materials 
of high  A170, which is unknown as a meteorite, for 
examples, a chondrite which would have exchanged 
with  160-poor nebular gas more intensely than R 
chondrites  [12]. The other interpretation is that the 
 170-rich spherule was originally an anhydrous IDP 
including presolar silicates. Presolar silicates 
discovered in anhydrous IDPs have  170-rich isotopic 
compositions, up to  A170=-5000%0 [14]. Based on 
their report, the presolar silicates account for 0.5% of 
silicates in anhydrous IDPs. Thus,  170-rich bulk 
isotopic composition of  0170=  >10%0 could be 
obtained by such anhydrous IDPs. In Fig. 2, this 
spherule is close to cosmic abundance, and it has a 
high  Ca/Al ratio (=0.75). This is just the same with 
the chemical characteristics of anhydrous IDPs. Mg 
and Si isotopic analyses were performed for the  170-
rich spherule based on the analytical condition in 
[15]. Both Si and Mg isotopes how slight isotopic 
fractionation but mass-independent fractionation is
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not observed in both elements. This result cannot 
reject the presolar-silicate hypothesis, because 
expected Mg and Si anomalies are almost 
comparable to our analytical error  (-1%0). 
Consequently, an anhydrous IDP including presolar 
silicates eems to be more plausible for the precursor 
of the  170-rich spherule than the former 
interpretation. Anyway, it is firmly said that a 
chondritic material of such  0170 composition in bulk 
exists in interplanetary space. 
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Fig. 2.  Mg/Al versus  Si/Al plot of bulk 
compositions of the silicate spherules. Most of 
spherules close to the TFL and a '70-rich spherule are 
plotted around cosmic abundance.
Fig. 3. A secondary electron image of a silicate 
spherule Y98M03KS063. A sputtering hole made 
by ion probe analysis is observed on the center of the 
spherule. This spherule shows extremely high  0170 
value  (-13%.).
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Introduction: 
  The Yamato (Y) 793605 is the 3rd lherzolitic 
shergottite and shows close similarity to 
ALH77005 and  LEW88516 in its mineralogy and 
petrology [1,2]. As a part of the consortium study, 
we have undertaken REE and U-Pb, Rb-Sr and 
Sm-Nd isotopic analyses and part of results have 
been reported in [3,4]. Extending our trace 
elements chronological study, here we report he 
results of Sm-Nd isotopic analysis for the 
meteorite.
Results and discussion: 
   The Y793605 samples used in this study were 
the same ones used earlier in [3], having been 
totally spiked and Sm-Nd samples obtained as 
residual fractions after the Rb-Sr work [4]. The 
results for Y793605 are shown in a Sm-Nd 
evolution diagram (Fit1). A 156 ± 21 Ma age 
with an initial 143Nd/I4Nd = 0.51283 ± 0.00006 
 (E.cHuR = +8 ± 1) was obtained. This age is in well 
agreement with the previously reported Rb-Sr age 
of  173  ±  14  Ma  [4].
  It is pointed out that the Sm-Nd age of 
Y793605 are all similar to the Sm-Nd/Rb-Sr ages 
reported for lherzolitic shergottites,  ALH77005 
and  LEW88516 [5-7] along with similarity of its 
initial Nd ratio and trace element pattern with 
those of ALH77005 [5,6]. It is thus suggested that 
the  —170 Ma age represents an igneous event 
having produced parent magmas in the same or 
similar sources. It is noted that there exist minor 
differences in age and initial Sr/Nd ratio, which 
may be due to sampling problem or inter-
laboratory biases.
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Isotopic fractionation of Mg during evaporation from different crystallographic surfaces 
of forsterite. M. Yamada', S.  Tachibanal, H.  Nagahara' and K.  Ozawa', 'Department of Earth 
and Planetary Science, Graduate School of Science, Univ. of Tokyo, 7-3-1 Hongo, Bunkyo-ku, 
Tokyo 113-0033, Japan.
Introduction: 
   Evaporation of solid under low-pressure 
conditions is the major process responsible for 
chemical and/or isotopic fractionation i  the early 
solar system. Kinetic isotopic fractionation during 
evaporation depends on the evaporation rate of a 
substance (v), isotopic fractionation factor (a) and 
diffusion coefficient (D) of the species concerned. 
   Forsterite  (Mg2SiO4) is one of the major 
crystalline materials of meteorites and planets, and 
its evaporation kinetics in vacuum and in hydrogen 
gas has been intensively investigated (e.g.,  [1]). 
Wang et al. [2] measured an isotopic fractionation 
profile of Mg along the a-axis of evaporation residue 
heated at 1500-1800°C in vacuum, and obtained a
and D for Mg along the a-axis, using a 
diffusion-controlled isotopic fractionation model. 
   Forsterite shows anisotropy in diffusion rates 
and evaporation rates, both of which are fastest along 
the c-axis and slowest along the b-axis at least above 
1500°C [3, 4]. The microstructures formed on 
surfaces due to evaporation also vary from a 
crystallographic surface to a surface [4]. Thus, a is 
also expected to show anisotropy along different 
crystallographic orientations. If the degree of 
anisotropy is large and if forsterite grains in 
astrophysical conditions including the early solar 
nebula had shapes with specific orientation, the 
degree of isotopic fractionation during 
high-temperature heating could be different from that 
estimated from experiment without orientation 
information. 
   In order to investigate anisotropy and 
temperature dependence of the Mg isotopic 
fractionation factor, we have measured Mg isotopic 
compositions of evaporation residues by an ion 
microprobe. We also estimated the diffusion 
coefficient ofMg along the b-axis at 1692°C.
Samples and Analytical Methods: 
   We measured Mg isotopic compositions of 
synthetic forsterites, which were cut parallel to (100), 
(010), (001) surfaces and evaporated in vacuum at 
1504-1786°C for 1-470 hours (e.g., [5]). 
   Cameca 6f ion microprobe at Univ. Tokyo was 
used for the isotopic analysis. A 0.3nA  0" primary 
beam with 12.5 keV energy and  —201.im diameter was 
used for measurements. Positive secondary  24Mg, 
25Mg and 26Mg ions were accelerated at 10kV and 
detected by an electron multiplier (in the ion 
counting mode). To stabilize measurements, we 
applied an energy offset of 40V with energy window 
of  —50V. A mass resolving power of 4000 was
efficient to resolve 24MgH from 25Mg. The counting 
rate  of  24Mg was  —105 cps. 
   Isotopic measurements were done for surfaces 
of evaporation residues because the surface isotopic 
composition enables us to evaluate a and D if a 
temporal change of the surface composition is
available (see discussion). We have measured 
samples heated at 1692°C for 12 hours for evaluation 
of anisotropy of a, and (010) surfaces of samples 
heated at 1504-1786°C to study temperature 
dependence of a along the b-axis. The (010) surface 
was used because it has the largest flat area 
compared to(100) and (001) surfaces. We measured 
—10 points on the surface of samples and a starting 
material in each analytical session, and the isotopic 
compositions are reported here as relative differences 
of the average of—10 measurements from that for the 
starting material:
 525,2*  = x  1000[%o]. (1)
Results: 
   Figure 1 shows the Mg isotopic compositions of 
three crystallographic surfaces of forsterite heated at 
1692°C for 12 hours. In the  626Mg-625Mg plot, the 
isotopic compositions are fractionated along the 
mass-dependent fractionation line (FL) and are 
heavier than that of the starting material. Isotopic 
fractionations of 26Mg on (001), (100) and (010) 
surfaces are  28%o,  22%o and  1996o, respectively. The 
degree of fractionation of each surface is largest (or 
smallest) for the direction along which evaporation 
and diffusion are the fastest (or the slowest). This 
implies the presence of anisotropy of isotopic 
fractionation as expected if the internal diffusive 
transportation attains teady state for all directions. 
   The isotopic compositions of samples 
evaporated at different temperatures for different 
duration are shown in Fig. 2. Most of the data are 
plotted on or near the fractionation line except for the 
sample heated at 1504°C for 470 hours. At present 
we do not know whether it is a measurement artifact 
or not, and thus we do not include the data for further 
discussion. The samples heated at higher 
temperatures for longer duration tend to show larger 
isotopic fractionations.
Discussion: 
    The surface isotopic compositions change with 
heating duration as a function of v, a and D [2]. After
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sufficient time to balance vaporation a d diffusion, 
the isotopic fractionation reaches a steady state and 
the surface isotopic omposition is simply expressed 
by 
 525,26m_=f          kIa25,26)X 1000[%0],(2) 
where a25 or a26 is the isotopic fractionation factor 
for 25 Mg or 26Mg against 24Mg. 
    We fitted the evolution of the (010) surface 
isotopic omposition f samples heated at 1692°C for 
1-12 hours by the diffusion-controlled evaporation 
model [2] using v [5] (Fig.3). The evaporation rate 
(v) for the sample heated for 1 hour was twice as 
large as the average of v at 1692°C [5]. This is 
probably due to the rough surface of the starting 
material that enhances the evaporation rate during the 
early stage of evaporation. Thus, the data for 1-hour 
heating was fitted separately using the larger v. We 
obtained a26 of 1.018 and D of  6.69  X  10-1I[cm2/s] 
along the b-axis, which is about half of D along the 
a-axis [2]. Figure 3 also shows that 12-hour heating 
is enough for isotopic fractionation to achieve the 
steady state at 1692°C. Using Eq. (2) and data for 
(001) and (100) surfaces heated at 1692°C for 12 
hours, a26 for (001) and (100) surfaces were obtained. 
We found that a26 is the largest for (001) surface and 
the smallest for (010). This anisotropy for a26 is 
consistent with those for v and D [3, 5]. 
    Assuming that fractionationreached the steady 
state after heating for 3, 48 and 166 hours at 1786, 
1598 and 1504°C, we calculated a26 for (010) surface 
at each temperature that gives a lower limit for a26. 
Our preliminary estimation i dicates that a at lower 
temperatures might be close to unity and tends to 
approach t e square root of the mass ratio at higher 
temperatures. This may imply that kinetic isotopic 
effects on the surface of evaporating substance 
become smaller at higher temperatures.
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(001) surfaces of forsterite heated at  1692  °C for 12 
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samples heated at 1504-1786°C for 1-470 hours. 
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same experimental condition represent the data taken 
at different analytical sessions.
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Pb isotopic systematics of YAMATO 000593. K. Yamashita', N. Nakamura' and L.M. 
Heaman2, 'Department ofEarth and Planetary Sciences, Kobe University (taro@kobe-u.ac.jp), 
1-1 Rokkodai-Cho, Nada, Kobe, 657-8501, 2Department of Earth and Atmospheric Sciences, 
University of Alberta, 1-26 ESB, Edmonton, AB, T6G 2E3, Canada.
Introduction and analytical method: 
   A detailed Pb isotopic study of whole rock and 
mineral separates from the Antarctic Nakhlite 
Y000593 was undertaken to investigate the Pb 
isotope systematics of the SNC parent body as well 
as the effects of terrestrial contamination and/or pre-
terrestrial alteration (part of the data shown here was 
presented by Yamashita et al. [1]). From the —4.256 
gram piece that was provided from the National 
Institute of Polar Research (NIPR), a split of —1.3 
gram was processed to obtain the whole rock (WR), 
pyroxene 1 and 2 (Pxl, Px2), olivine  (01), mesostasis 
(Mes), magnetic mineral (MG) and >200mesh fine-
grained (FN) fractions. Of the —1.3 gram that was 
allocated for Pb isotope analyses, —120 mg fraction 
was taken directly from the original —4.256 gram 
piece and was used as an estimate of the whole rock 
sample. The remaining —1.2 gram was crushed and 
sieved for maximum yield in the 100-200 mesh 
fraction. The mineral fractions were then separated 
using heavy liquid and Frantz Isodynamic Separator 
followed by hand picking. 
   A sequential leaching was applied to each of the 
above fractions to remove any secondary Pb that was 
accumulated onto the meteorite after its igneous 
crystallization. The details for the leaching procedure 
are summarized in Table 1. Lead was extracted from 
both the leachates and the residues using two-step 
HBr-HNO3 chemistry in a clean laboratory. The total 
procedural blanks ranged from 0.85 to 1.65 pg (N=9), 
thus minimum blank corrections were necessary even 
for the smallest sample studies here  (01-L3  = 
—350pg). All isotopic measurements were made on a 
Finnigan MAT 262 Thermal Ionization Mass 
Spectrometer. The data were collected using five 
faraday detectors in a static mode (including  205Pb for 
Pb concentration). Measured ratios were corrected 
against he recommended value of NBS981 standard 
for mass fractionation (0.079  +/-  0.021%/amu).
Table 1. General description of the leaching procedure 
applied to WR and mineral separates. L3 was skipped for 
WR and Pxl. The MG fraction was leached three times in 
 IN  HCl and the residue was dissolved in HF+HNO3 
without further leaching. Note that L3 is strictly a partial 
dissolution procedure.
Step Mineral Acid Duration
Acetone wash (AW) Distilled acetone 30 sec  x3
Leach 1  (L1) 1 mL  0.1N  HC1 10 sec  x3
Leach 2 (L2)
 
1 mL  1.0N HNO3  10  min  x3
Leach 3 (L3)  2  mL  1.8N  HNO3
1 drop 29N HF
20  min xl
Residue (R) 1.5 mL 3:1 mixture
29N  HF+conc HNO3
Results and Discussion: 
   As shown in Figure 1, a significant proportion 
(>60-80%) of Pb was removed from the minerals by 
step-wise leaching. When the  206Pb/204Pb ratios are 
plotted against the leaching sequence, there is a 
general tendency of  L  I being the most radiogenic, 
followed by L3>L2 and R (L2 and R being the least 
radiogenic). The presence of Pb that can easily be 
removed by HCI and  HNO3 leaching is indicative of 
terrestrial contamination and/or pre-terrestrial 
alteration.
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In detail, the isotopic signatures of LI  (Px  I, Px2
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and 01) show an obvious shift towards the value of 
the average upper continental crust [2] when plotted 
on a  206Pb/204Pb versus  207Pb/204Pb diagram. This is 
less obvious for the  Mes-L1, but this may be a due to 
high concentration of Pb in this phase. The presence 
of readily soluble Pb with such an elevated isotopic 
signature strongly suggests that terrestrial 
contamination had some influence, at least on the Pb 
isotopic signature of this particular sample.
us from calculating any reliable Pb-Pb age. However, 
it is interesting to note that all of these points, 
including the least radiogenic Mes-R, plot to the right 
of the Geochron. This indicates that the source region 
of this meteorite had undergone, in addition to the 
very ancient differentiation, a second  (-1.3Ga?) 
differentiation event that resulted in an increase of 
 theµ value.
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Figure 3.  206Pb/204Pb versus 207p1o/204                          Pb diagram for the
samples studied here. Also shown is the isotopic ratio 
representative of the average upper continental crust (TL) 
[2].
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Figure 4.  206Pb/204Pb versus  207Pb/204Pb plot for 
and mineral separates from Y000593. Also shown 
4.55 Ga Geochron and the 1.3 Ga reference line 
through the Mes-R.
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    The condition is somewhat more complicated 
for Pb extracted using HNO3 (i.e. L2). Pb from these 
fractions show  206Pb/2°4Pb ratios that are broadly 
similar to, if not slightly less radiogenic than, those 
of the R fractions (again, with the exception of Mes). 
However these Pb exhibit elevated  207Pb/204Pb ratios 
that cannot easily be explained by a simple mixing of 
Pb from R fractions and the average crustal Pb. 
Whether this is a result of alteration on the SNC 
parent body or contamination by terrestrial Pb with 
isotopic signature distinct from that of the average 
upper crust cannot be clearly distinguished. However, 
the latter possibility would require a terrestrial end-
member with high  207Pb/204Pb  (207Pb/204Pb >
 206Pb/204Pb) which
, although strictly not impossible, 
seems unlikely. Rather, it seems more reasonable to 
think that these leachates contain signatures of 
phase(s) produced in a  low-p. (i.e. low time-
integrated  238U/2°4Pb) environment such as the source 
region of Nakhla and Y000593  [1,  3,  4]. 
   The isotopic signatures for the L3 and R 
fractions also show a considerable scatter on the 
 2°6Pb/204Pb versus 207204                Pb/-Pb diagram. Despite the 
fact that some of the data plot on or relatively close 
to the 1.3 Ga reference line (Figure 4.), the scatter of 
the data beyond the analytical uncertainty prohibits
Summary: 
   We have undertaken detailed Pb isotopic 
analyses of WR and mineral separates from the 
Antarctic Nakhlite Y000593. Our results suggest hat 
the meteorite has suffered both the terrestrial 
contamination as well as the pre-terrestrial teration. 
Although the scatter of the data precludes us from 
obtaining reliable chronological information, our 
data is consistent with a model where the source of 
this meteorite had undergone two (very ancient and 
 —1.3Ga?) differentiation events.
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MODERATELY VOLATILE ELEMENT DEPLETION (MOVED) REVEALS THE 
CHEMICAL LINKS BETWEEN INTERSTELLAR DUST AND PRIMITIVE 
CHONDRITES. Qingzhu Yin, Department of Earth and Planetary Sciences, Harvard 
University, 20 Oxford Street, Cambridge, MA 02138, USA. yin@fas.harvard.edu
Introduction: The pronounced depletion of 
moderately volatile elements (MOVE, that condense 
or evaporate at temperatures in the range 1350-650K) 
relative to the average solar composition is a 
characteristic feature in most primitive chondrites 
and bulk terrestrial planets (Fig. I a). It differs from 
the composition of the Sun and from the materials 
further away from the Sun (CI chondrites). None of 
the remaining planets or even meteorites hows an 
enrichment of volatile elements that would balance 
the depletion in the inner Solar System. Whether this 
depletion occurred in solar nebular stage or in 
planetary formation stage has been the subject of 
long lasting debate. The search for "mysterite" 
initiated in 1973  [1] continues today "in search of 
lost planets"[2]. Here I show that the MOVED 
patterns demonstrate a clear connection between the 
rocky materials of the inner solar system and the 
interstellar dust. The inheritance of interstellar 
materials by the solar system is not only documented 
by the presence of presolar grains, various isotopic 
anomalies, but also expressed in the chemical 
element distribution in the inner solar system. 
Data: The most widely used method in astronomy to 
study the chemical composition of interstellar dust 
grains has been to determine the gas-phase lemental 
abundances from the elemental absorption-line in the 
line of sight of stars, adopt a reference cosmic 
composition for the interstellar medium (ISM), 
which normally uses average solar composition, and 
then assume that what is depleted from the gas must 
be in the dust. The method covers a wide range of 
elements, including refractory and volatile elements, 
and it refers to the bulk composition of the grains 
rather than just the surface composition [3]. The 
absorption lines of most atoms and molecules found 
in the ISM occur at ultraviolet (UV) wavelengths, 
which requires their detection above the Earth's 
atmosphere. The Goddard High-Resolution 
Spectrograph (GHRS) aboard the Hubble Space 
Telescope (HST) has yielded the most precise 
abundance results for a range of interstellar 
environments, including gases in the local medium, 
in the warm neutral medium, in cold diffuse clouds, 
and in distant halo clouds. Plotted in Fig. lb are three 
examples of such data [4.5]. Analyses of other 
diffuse-cloud lines of sight have shown that the 
pattern of depletion is nearly invariant from cloud to 
cloud. 
  When compared to meteoritic data in Fig  I  a, the 
most obvious and striking feature is that the 
interstellar gas abundance is complemented by the 
meteorite data. Note that the complementarity of the
MOVE seen in Fig. 1 is  independent of condensation 
temperature. Complementarity holds even if 
elements are arranged in random order. Fig. 2 shows 
the ISM gas is anti-correlated with the primitive 
meteorite composition, independent of condensation 
temperature. Dust composition is calculated using 
 (X/H)dust=(UH)soiar-(X/H)gas, which is positively 
correlated with meteorite composition for MOVE 
(Fig. 3).
 Ophluchl Cool  Gas
 Persei Cool  Gas
•  Ga!actic  Cold Cloud
                   50% Condensation Temperature (K) 
Fig. 1 (a) Elemental bundance data of primitive meteorites 
normalized to CI versus their 50% condensation 
temperature [6,7]. Only three carbonaceous chondrite 
groups are plotted for illustration purpose. The patterns for 
other groups of primitive chondrites and bulk terrestrial 
planets compositions are broadly similar. (b) Interstellar 
gas phase abundances relative to solar (CI) abundances vs.
condensation temperature in Fig.  1  b. The data sources are 
[4,5]. For MOVE, interstellar gas phase data is mirror 
imaged by the meteorite data 
  It is apparent from Fig.  1  a and  lb that some of the 
MOVE (500-1100K) are depleted in both chondrites 
(log(X/CI)<O) as well as in the interstellar gas 
 (D(X)<0]). This is also shown in Fig. 2 wherethe 
negative correlation between the ISM gas and the 
meteorite composition passes below zero, which 
represents the solar composition. This may be due to 
the fact that we used our Sun (=CI) as representative 
of "cosmic" abundance. There is growing evidence 
that our Sun is overabundant in most heavy elements
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by a factor of 1.6 compared to other representative 
stars in our Galactic neighborhood [3]. If the new 
standard reference value is adjusted to 0.6 solar level, 
elements with condensation temperatures between 
500-1000K will not show significant depletion in 
both carbonaceous chondrites as well as in 
interstellar gas. 
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Fig. 2. For moderately volatile elements, the primitive 
meteorite composition (CM, CO, and CV groups are used 
as an example) is anti-correlated with the interstellar gas 
composition  (C Ophiuchi Cool Gas is shown as an 
example).
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that the rapid grain growth occurs both during the 
molecular cloud stage as well as the solar nebula 
stage (e.g. [8, 9]). This implies reduced surface area 
and removing them from contact with the full 
volatile complements in the gas phase, increasing the 
possibilities to preserve the ISM chemistry in the 
dust  aaareaates.
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Fig. 3 ISM dust composition that is positively corn 
with that of primitive meteorites for moderately  la 
elements (CO and ordinary chondrite, OC, are  u& 
examples). Dust composition is calculated fron 
observed ISM gas composition.  C Ophiuchi Cool C 
used as an example. Both data sets are normalized 
and Ca. 
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The complementarity in Fig. 1 and the correlations in 
Fig. 2 and 3 lend themselves to a simple hypothesis 
that the fine dust from the ISM, in cosmic proportion 
to gas, makes up canonical solar composition in 
samples as large as the Sun and as small as the CI 
meteorite hand specimen. On the other hand, most 
rocky bodies of the inner solar system (between  0.38-
5.2 AU) inherited the dust composition of ISM 
through coagulation, thermal annealing, and 
accretion of dust grains of interstellar origin which 
accumulated into bodies large enough 
 (diameter>  1 km) to de-couple from the gas (without 
coalescing into the star) eventually evolving into 
planetesimals and planets. Evidences are mounting
  Fig. 4. The schematics of the inheritance model. (1) In 
the interstellar stage, the volatile elements are in hot 
ionized gas phase (not shown), while the refractory 
elements are locked in the dust grains (red); (2) In the cold 
and dense molecular cloud stage, the gas phase consists of 
H and He only. Organic-rich icy mantle (green) condenses 
with all the volatile elements on to the refractory core 
(red); (3) In the solar nebula stage, adiabatic compression 
or passage through a shock wave takes off the icy mantle. 
It is shown that he silicate core survives the entry into the 
solar nebula while the icy mantle with organics and other 
volatiles is largely destroyed [10], consistent with the 
primary mineralogy of chondrites being anhydrous. 
Progressive accretion of primary solids (ISM dust grains) 
as well as secondary solids (further processing of the 
primary solids within solar nebula, such as molten 
chondrules, condensates, vaporation residue, etc) lead all 
the way to planetesimals nd planets. Proportion of green 
and red in stage 3reflects the degree of moderately volatile 
element deletion. The model does not argue for massive 
survival of physical identities of presolar grains, but 
instead argue for discernible chemical links between the 
ISM dust and primitive chondrites (and terrestrial planets). 
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